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ABSTRACT OF THE DISSERTATION
PYROLYSIS OF JET PROPELLANTS AND OXIDATION OF POLYCYLIC AROMATIC
RADICALS WITH MOLECULAR OXYGEN: THEORETICAL STUDY OF POTENIAL
ENERGY SURFACES, MECHANISMS, AND KINETICS
by
Daniel Belisario-Lara
Florida International University, 2018
Miami, Florida
Professor Alexander M. Mebel, Major Professor
Two reaction classes have been studied computationally including the pyrolysis
of various components of airplane fuels, such as decane, dodecane, butylbenzene
isomers, and JP-10 (exo-tetrahydrodicyclopentadiene), and oxidation of a group of
molecules belonging to the class of Polycyclic Aromatic Hydrocarbons (PAHs).
Investigation of both reaction classes has been performed using ab initio quantum
chemistry methods with the Gaussian 09 and MOLPRO programs at various levels of
theory.

Initially,

Potential

Energy

Surfaces

(PES)

were

generated

at

the

G3(MP2,CC)/B3LYP/6-311G** level of theory for various radicals involved in the
reactions as reactants, intermediates, transition states, and products. The next step was
to perform Rice-Ramsperger-Kassel-Marcus (RRKM) / Master Equation calculations in
order to calculate rate constants and branching ratios of different products at various
temperatures and pressures characteristic for combustion flames. All calculations were
then compared with previous works on similar systems available in the literature. The
results of these simulations along with previous data were then used to formulate
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guidelines for the pyrolysis and oxidation patterns of larger and more complex systems,
in order to achieve a better understanding of the pathways to the end products in
airplane jet engines.
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CHAPTER I
Introduction

1

Scientific Rationale
The Complete Combustion Process
Combustion is an intricate multi-step process that is not fully understood. The
complexity is provided by a large range of combustible systems, which inhibits any trivial
mechanism for the process. However, by studying different classes of compounds and
chemical reactions involved in combustion, information and scientific knowledge can be
gained. In order to begin there are certain classifications that can simplify the process.1
A flame is a self-sustaining propagation of a localized combustion zone at subsonic
velocities. There are many physical parameters/components that contribute to the
process of flame such as flame speed, temperature, pressure, fuel/oxygen ratio, and the
presence of additives or catalysts.2 These conditions can all be shifted toward the
formation of desirable products if the underlying mechanism can be well understood.
Theoretical and experimental investigations into major reaction pathways, rate
coefficients, and major products give insight into the mechanism and maximize our
understanding of the combustion processes and the efficiency of predictive models.
To effectively contribute to the scientific literature, modelers need to be able to
point to species of interest either from prior knowledge or from the foundations of a study
using species difficult to measure experimentally. Predicting relevant chemical species is
the most efficient way to assist experimentalists and theoreticians in their pursuit of
choosing reactions of significance to study. Depending on the model being probed, there
are aspects that will take precedence on importance. A standard way of deciding which
reactions should be considered significant is to identify those that influence the total
concentration of the key species present in the reaction system. The overall mixture after
all is mainly dependent on the concentration of species over time and their individual
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contributions. Which is often presented in the form of product branching ratios which are
made up of total and individual rate coefficients.3 Another standard of determining which
reactions should be probed are any that effect the final model’s uncertainties. By
removing sources of uncertainty, the predictions of the model will be improved.
Comparison to direct observations requires a certain level of trust in the predictive
capabilities of the model in question.
In the most basic distinction between phases of overall combustion we can
define two large categories or stages, pyrolysis and oxidation. Pyrolysis is the thermal
decomposition of compounds in an inert atmosphere or lack of atmosphere. Oxidation is
the more commonly known version involving a high temperature exothermic chemical
reaction of an oxidant and reductant to form oxidized products, typically in gas phase,
and energy in the form of heat and/or light. To truly understand the complete combustion
process it is necessary to define the class of compounds being burned. To cover all
species is out of the scope of this research so the main focus will be on various forms of
hydrocarbons including their contribution to a class of compounds named Polycyclic
Aromatic Hydrocarbons (PAH). These molecules are composed of hydrocarbons with
multiple aromatic rings fused together. The complete process when there is no loss of
energy to side reactions proceeds thusly.
𝐶𝑥 𝐻𝑥 + 𝑂2 → 𝐶𝑂2 +𝐻2 O,
with 𝐶𝑥 𝐻𝑥 being the generic form that the polycyclic aromatic hydrocarbons take.4 Other
molecules also being studied are aliphatic paraffins and alkyl substituted benzenes.
However, rarely is this combustion process taken to completion. Understanding the
mechanisms of pyrolysis and oxidation becomes necessary.
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Pyrolysis proceeds upon the addition of heat to the chemical system. Typically,
this occurs in the temperature range of 800-1500 K and without the presence of any
reactive species gas. When the available temperature becomes enough to overcome the
stability of chemical bonds, those bonds break resulting in a separation of radical
species to be formed. These radicals can then be stabilized through two different
processes: they can become resonantly stabilized free radicals (RSFRs) which maintain
their form as a result of conjugation of the electrostatic system or they can become
stabilized by collisions with the inert bath gas.5 These RSFRs are important to the growth
of larger PAH systems. They also are believed to contribute to soot production, the
chemistry of the interstellar medium, and planetary atmospheres. The pathway to the
first aromatic ring has been found to heavily depend on the propargyl radicals, 𝐶3 𝐻3, and
other pathways involving RSFRs such as reactions with methyl and ethyl radicals. These
molecules can also be formed by photolytic decomposition when pyrolysis is not
feasible. Atomic carbon, dicarbon, and tricarbon can also react with unsaturated
hydrocarbons to form RSFRs.
Oxidation is one of the most common reactions in nature, but the focus in this
study is specifically the reaction of molecular oxygen as the oxidant and a relevant
chemical species as the reductant. The oxidation reaction typically takes place as a
complicated sequence of elementary radical reactions. The release of energy in the form
of heat and/or light is observed in this process because the bond energies of the 𝑂2
molecule are much lower than the bond energies of the products that form. The typical
combustion temperatures used for engines range from 1000 K to 2000 K although
oxidation can occur at any range. Oxidation as a process has many avenues that lead
to incomplete combustion which causes side reactions which are of interest for
environmental reasons as discussed further below. The main cause of incomplete
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combustion is the leaving of the offgas. The loss of carbon dioxide gas and water vapor
reduces the overall heat and slows down the process. Another contributor to incomplete
combustion is the insufficient concentration of oxygen. Depending on the method of
heating control of air flow will determine the efficiency of combustion.
Theoretical modeling of pyrolysis and oxidation provide useful information for
future studies in these reaction systems and for overall improvement of models.
Combined with experimental data, they are a useful tool to elucidate and understand
complicated experimental results. Perhaps the greatest benefit comes from the
capability to investigate conditions that are too hazardous or costly to recreate in a
laboratory setting, such as exotic temperature and pressure conditions that are present
in the interstellar medium (low temperature - low pressure) or in high-performance
combustion engines (high temperature - high pressure). With the prevalence of super
computers and the enhancement of theoretical methods it is sometimes preferable to
begin with theoretical calculations which can provide accurate results in a fast and lowcost way. In some cases, the accuracy of these theoretical calculations can rival that of
experiments, especially in terms of chemical kinetic results which are difficult to measure
precisely. With the proliferation of advanced computers and improvements in theoretical
methods the modeling of these reactions will take place increasingly often
computationally.
Pyrolysis of Jet Propellant 8, Jet Propellant 10, and aliphatic/non-aliphatic alkyl rings
The initial reaction step began with the analysis of the components of a kerosene
fuel named JP-8 by the United States Air Force. The JP-8 fuel was introduced in 1978
and fully replaced its precursor fuel JP-4 by 1995. A three-year grant has been obtained
to determine the major products and rate constants of the main components that JP-8
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forms after pyrolysis. Kerosene fuels are defined as fuels that consist mainly of
hydrocarbons ranging from six to sixteen carbons in length. There is no set formula for
JP-8 as it is created by the process of cracking where larger alkanes are broken down
into smaller alkanes and alkenes. By percent weight some of the major components are
dodecane (22.54%), decane (16.08%) and butylbenzene (4.72%). Alternatively, JP-10
is a synthetic fuel that is composed of a single tricyclic molecule. The main interest in the
present study would be to enhance the efficiency of these fuels to reduce total operating
costs by better understanding the products of the pyrolysis reactions these molecules
undergo. There are four possible reactions that occur with these molecules upon
pyrolysis which include carbon-carbon bond cleavage, H atom loss, beta scission, and
direct hydrogen atom abstraction. The carbon-carbon bond cleavage and H atom loss
processes are both barrierless reactions that occur because of the high temperatures
found in the jet propulsion engines, whereas hydrogen atom abstraction requires a
barrier to be overcome. The carbon-carbon bond cleavage results in unique sets of two
hydrocarbon radicals while both the H loss and abstraction reactions result in unique
hydrocarbon radicals at different locations. Afterwards, each separate radical can
undergo a process known as beta scission. During beta scission the free radical that is
formed reacts with itself to form an alkene and another smaller hydrocarbon radical.

Mechanism of Beta Scission
Any hydrocarbon radical larger than propyl can go through the beta scission reaction
and accounts for experimental results indicating that the major end product is an alkene.
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Analysis of these molecules will allow for the design of choosing more efficient
molecules for use in future versions of jet propellants.
Oxidation of Polycyclic Aromatic Radicals
Incomplete combustion reactions lead to the formation of soot particles that can
aggregate and contaminate the environment. The major anthropogenic source of these
soot particles involves transportation that depends on the burning of fossil fuels and any
use of combustion engines. Naturogenic sources of soot include volcanoes, forest fires,
industrial plants and leakage from storage facilities. Soot is a mixture of impure carbon
particles that when created from gas phase combustion reactions contain many PAHs.
Polycyclic aromatic hydrocarbons negatively affect air quality and have been linked to
increasing chances of heart disease and cancer.6 Soot also contributes to global
warming by acting as a short-term climate forcer in that it absorbs sunlight and directly
heats the surrounding air and also changing reflecting surfaces to absorbing ones
reducing the albedo.7 Therefore, a deeper understanding of soot formation is necessary
in order to combat its negative effects. The efficiency of removal methods can be
increased by knowing the products of the reaction pathways to soot formation. Of
particular interest is oxidation of PAH radicals as these species are highly reactive and
can lead to larger more complex systems. When PAH or soot particles are oxidized they
first undergo H-atom abstraction by another radical and then the PAH radicals can react
with 𝑂2 .8 By studying unique features of small systems it is hoped that patterns will
emerge that can predict the behavior of large systems. Specific radicals that will be
examined include phenanthrenyl, anthracyl, cyclopentadienyl, indenyl, and acenapthyl.
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Phenanthrenyl, anthracyl, cyclopentadienyl, indenyl and acenapthyl
with varying radical positions
To achieve a characterization of the system that is within chemical accuracy
computationally but can be extrapolated to larger systems radicals with different edgelike features were chosen. The oxidation of these species provides clear examples of
large system motifs that can be categorized as armchair, zigzag, and 5-member ring
configurations. From previous work it is hypothesized that oxidation of six member rings
is dominated by elimination of an oxygen atom followed by elimination of CO which turns
6-member rings into 5-member rings. However there are other minor products that will
form. Looking for aliphatic changes from 5-member rings to 6-member rings or ring
openings is essential in determining the most common reaction pathways. Oxidation
mechanisms, rate constants, and branching ratios calculated for these relatively small
systems will allow for extrapolation of oxidation to larger systems.
Formation of Large Hydrocarbons
An important process to the many chemical environments is the growth of
complex organic molecules. Complexity is introduced from the proliferation of larger and
larger species providing access to larger ranges of products. However, the mechanisms
of this growth are poorly understood even after decades of study. One of the many
reasons contributing to the lack of data is that multiple environments need to be studied.
For example, this work contains research done on the growth of PAHs in both low
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temperature low pressure environments and in high temperature high pressure
environments. Depending on the system of interest, the conditions can greatly alter the
result. Polycyclic aromatic hydrocarbons in particular are of great interest because they
are known to have a large impact on the environment and health, along with the fact that
the decomposition of these compounds typically occurs on a slow timescale. These
compounds are ubiquitous through industrialized areas and have been proven to cause
tumors, birth defects, and many pulmonary diseases. Along with these complications
PAHs also have been shown to be mutagenic and carcinogenic.7 Numerous studies
showed that emissions from coke and aluminum production, coal gasification, iron and
steel founding, coal tars, coal tar pitches, and soot have produced lung cancer in
humans. 8 The major formation path to these multicyclic PAHs in combustion occurs
through the HACA (hydrogen abstraction/ 𝐶2 𝐻2 addition) mechanism.9-18 The HACA
mechanism is notable for having low reaction barriers, high exothermicities, and the
typical abundance of acetylene, phenyl, and benzene in flame. 9

The HACA mechanism provides a pathway that is commonly available in combustion
systems that allows for the presence of many larger PAH species.
For low temperature growth PAHs the HACA is still viable however there are
other pathways available. Conventional wisdom has dictated that PAH growth is a high
temperature process involving multiple acetylene additions. However, investigation has
shown a facile barrier-less synthesis from aryl-type radical additions.19-24 The aryl-type
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radical addition happens to conjugated hydrocarbons via RSFR intermediates and takes
place primarily in the interstellar medium. The mechanism behind the aryl-type radical
addition takes place via a weakly bound van-der-Waals complex which can isomerize
and then form an RSFR that after hydrogen loss aromatizes. The van-der-Waals
complex mechanism presents a novel pathway that changes the way that molecular
growth processes of PAHs are understood and leaves open possibilities of finding more
low temperature pathways.24-30 Multiple pathways have been studied for all the above
processes and new mechanisms continued to be discovered.
Objectives and Hypotheses:
1. Relevant decomposition reactions for alkyl chains of a varying length are
expected to provide similar results and therefore decane and dodecane initial
pyrolysis and secondary decomposition reactions will be studied.
2. Alkyl-substituted benzenes are expected to behave similar to alkyl chains in that
the stability of the aromaticity of the species prevents reactions directly to the
ring.
a. It is expected that growth of larger aromatic systems can be supported by
this and will explain the presence of PAHs in combustion systems
3. The tricyclic compound JP-10 (exo-tetrahydrodicyclopentadiene) is expected to
behave similarly to alkyl chains in some aspects while providing unique features
typical for highly strained cyclic alkane compounds.
4. The formation of larger more complex PAH systems is observed through the
reaction of small hydrocarbons and expected to contribute to the formation of
C7H7 isomers, a suspected pathway to PAH growth.
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5. Growth of PAHs is expected to primarily be a high temperature phenomenon.
However, a low temperature mechanism is shown to be feasible.
6. Pyrolysis modeling of fundamental classes of molecules creates a systematic
understanding of combustion at the highest level.
7. Growth of aromatic systems in the interstellar medium if understood can give
insight not only to the evolution of carbon-containing molecules in the Universe
but also to the formation of prebiotic molecules.
8.

High level ab initio calculations on unique surfaces of aromatic systems will lead
to improvements of combustion engines and reduction of environmental pollution.

Enhancement of combustion models leads to a deeper fundamental understanding of a
major chemical reaction.
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Theoretical Approach and Methodology:
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Potential Energy Surface
To utilize computational models efficiently, the concept of a potential energy
surface is necessary. Understanding of chemical reactions can be greatly enhanced by
considering a landscape of all possible geometry configurations available to a system.
Solutions to the Schrodinger equation are greatly simplified by making the BornOppenheimer approximation which allows for the separation of the electronic and
nuclear terms in its formulation. A powerful benefit from making the Born-Oppenheimer
approximation is that by treating nuclei as having fixed positions in comparison to
electrons, potential energy functions can be written that describe the geometry of the
molecule of interest. A surface can then be generated that describes all possible
conformations and chemical reactions available to a system on the basis of favorable or
unfavorable nuclear arrangements. The Born-Oppenheimer approximation cannot be
applied to all systems. However, it is relevant to all systems under study here.
The approach to all systems treated here will be mostly equivalent. Systems will
be studied by mapping out their respective Potential Energy Surfaces (PES). A PES is a
mathematical function describing the geometry of a species and its relation to the
species energy. Contained on the PES are all configurations possible for the nuclei to
take and thusly contains 3N-6 coordinate dimensions once redundant degrees of
freedom are removed, those that relate to translation and rotation.1 For a linear
molecule, rotation about the axis of the molecule is also redundant reducing the
coordinate dimensions to 3N-5. The chemical application of the surface requires the
identification of stable species that directly determine what the reaction products will be.
In a mathematical sense the stable species can be defined as minima along the surface
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where the second derivatives of potential energy with respect to the coordinate systems
are positive while the gradient change itself is zero. In between these minima lie
transition states that while the energy gradient is still zero the second derivative with
respect to the reaction coordinate is now negative describing a structure where energy
will decrease in with any conformation change. Therefore, the structure acts as a barrier
to the overall reaction between the minima they connect.
Calculations are done using Density Functional Theory and the specific
functional used for this work is the hybrid density functional Becke’s 3-parameter Lee
Yang Parr (B3LYP). With this method, zero-point energies and harmonic frequencies are
calculated to use for the calculation of relative energies and rate constants for use in
tandem with the potential energy surfaces to describe a chemical system.2 The harmonic
frequencies are especially useful to identify optimized structures such as minima or
transition states. The errors associated with the B3LYP functional are around 0.004 Å for
bond lengths and 30 𝑐𝑚−1 for vibrational frequencies along with 9.6 kcal/mol for
energetics. The composite G3 technique will be used to improve upon energetics which
have typical errors in the range of 0.9 kcal/mol. The G3 composite method incorporates
a basis set correction calculated thusly
E (total) = E(CCSD(T)/6-311G**)+E(MP2/G3)-E(MP2/6-311G**)+E(ZPE/B3LYP)
and includes using other theories such as Moller-Plesset (MP) and Couple Cluster
(CCSD(T)) methods.3 These energy refinements mainly rely on the robustness of
coupled-cluster methods with single and double excitations with perturbative
approximation to triple excitation,which while highly accurate, scale very rapidly in terms
of computation time and are prohibitively expensive for large systems.
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TRANSITION STATE THEORY
In regard to confirming the paths elucidated from potential energy surfaces, an
important comment must be made. There are paths between reactants and products that
define the surface and potential wells. These paths need to be specified as being the
boundary points or barriers that will determine the overall reaction. These barriers are
the point of no return that cause energetic species to fall into wells where they are
thermalized and remain as irreversible stable products. Formally this involves treating
the potential energy surface so that instead of considering all possible reactions, only
relevant, meaning competing energetically with each other, portions of the surface need
be considered. A large assumption made here is that a surface exists such that there is
a region pertaining to reactants and a region pertaining to products where transition
states paths do not flow back into the reactant region. If this holds true than the kinetics
of the entire system is controlled by the flux of these paths into the reactant surface.
Thusly the rate constant can be defined as the limiting step to the local reaction potential
energy surface through the reactant region surface to the product region surface in the
forward direction.4 In terms of energetic barriers, the reactant molecule that crosses a
barrier is then placed onto a minimum on the product region where it can be thermalized.
From the thermalized minimum the molecules future behavior is then changed to be
considered a reactant molecule again. Rate constants can then be calculated through
statistical mechanics that depends on various molecule specific features such as
partition functions, vibrational frequencies, and barrier heights of the potential energy
surface.
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MASTER EQUATION
Modeling kinetics is one of the most chemically complex tasks currently being
studied. Most reactions of interest are rarely straightforward or involve only a single set
of products. Therefore, the formalism created to study them must involve multiple
possibilities or wells that can be inhabited by all the interconnected channels that are
possible. The most basic method of expressing the modeling that is used here is as such
𝑑𝑛𝑖 (𝑡)
= ∑(𝑝𝑖𝑗 𝑛𝑗 (𝑡) − 𝑝𝑗𝑖 𝑛𝑖 (𝑡))
𝑑𝑡
𝑗

where 𝑛𝑖 (𝑡) is a measure of probability of a particular molecule being in a state i at a
time t and 𝑝𝑖𝑗 is the probability per time of a transition from state j to state i. Therefore
𝑛𝑖 (𝑡) is regarded as the population of molecules in a sufficiently large group.5 The
equation describes the time evolution of the populations of the species of interest. The
equation is known as the Pauli master equation and can be derived from Schrodinger
equation describing the evolution over time of a many body system. It is important to
note that the Pauli master equation only applies in chaotic systems as it relies on
properties of microscopic systems. The master equation is effective in describing a
change in systems of limited quantum states, such as diatomics. As degrees of freedom
increase the usefulness of the Pauli equation becomes limited as there are simply too
many states of interest available. For combustion modeling typically multi atom systems
are being collided against each other at high energies meaning the density of quantum
states is quite large, causing modeling to be problematic. Consequently, a different
formalism that followed the master equation concept was developed. To discuss the
types of systems modeled kinetically in this work it is useful to describe a general form
the reactions adhere to.
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A basic kinetic system can be modeled as follows
𝐴 + 𝐵 ↔ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
where A is in this case a radical or reactive species and B is a reactant. It is also
assumed here that the model reaction takes place in conditions where a third
component, C, is present. The component labeld C is an inert bath gas that is in excess
concentration to both A and B while also allowing the reactive species enough to time to
stabilize in order to react with B.
The full master equation for conditions as described above can be given as
follows
𝑀

∞
𝑑𝑛𝑖 (𝐸, 𝐽)
= 𝑍𝑖 ∑ ∫ 𝑃𝑖 (𝐸, 𝐽; 𝐸 ′ , 𝐽′ )𝑛𝑖 (𝐸 ′ , 𝐽′ )𝑑𝐸 ′ − 𝑍𝑖 𝑛𝑖 (𝐸, 𝐽) − ∑ 𝑘𝑗𝑖 (𝐸, 𝐽)𝑛𝑖 (𝐸, 𝐽)
𝑑𝑡
𝐸0
∩

𝑗≠𝑖

𝑖

𝑀

−𝛽𝐸

+ ∑ 𝑘𝑖𝑗 (𝐸, 𝐽)𝑛𝑗 (𝐸, 𝐽) − 𝑘𝑑𝑖 (𝐸, 𝐽)𝑛𝑖 (𝐸, 𝐽) + 𝑘𝑎𝑖 (𝐸, 𝐽)𝑛𝐴 𝑛𝐵 𝜌𝐴𝐵 (𝐸, 𝐽)𝑒 𝑄𝐴𝐵
𝑗≠1
𝑁𝑝

− ∑ 𝑘𝑝𝑖 (𝐸, 𝐽)𝑛𝑖 (𝐸, 𝐽)
𝑝=1

𝑖 = 𝐼, … . , 𝑀
The equation the concentration of isomer i in the reaction schema of interest, which
corresponds to an ith minima of the surface with energy between E and E+dE, is given
with 𝑛𝑖 (𝐸, 𝐽)𝑑𝐸. The collision rate of the complex is given by Z, the ground state energy
by 𝐸0 , collision transfer probability by 𝑃𝑖 (𝐸, 𝐽; 𝐸 ′ , 𝐽′ ), unimolecular rate coefficient from
minima j to minima i for isomerization by 𝑘𝑖𝑗 (𝐸, 𝐽), dissociation coefficient by 𝑘𝑑𝑖 ,the rate
coefficient for dissociation to bimolecular products by 𝑘𝑝𝑖 , number of products by 𝑁𝑝 ,
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number of wells by A and the reactant partition function is given by 𝑄𝐴𝐵 .5 The formulation
is extremely powerful in describing chemical systems however it also demands a large
amount of information. Particularly the inclusion of the angular quantum number J and
partition functions of all reactant species. Finding this involves solving a complicated
convolution of state densities of fragments A and B. To sidestep this issue we take this
two-dimensional master equation into the form below, the one-dimensional master
equation.
𝑀

𝑀

𝑗≠𝑖

𝑗≠1

∞
𝑑𝑛𝑖 (𝐸)
= 𝑍𝑖 ∑ ∫ 𝑃𝑖 (𝐸, 𝐸 ′ )𝑛𝑖 (𝐸 ′ )𝑑𝐸 ′ − 𝑍𝑖 𝑛𝑖 (𝐸) − ∑ 𝑘𝑗𝑖 (𝐸)𝑛𝑖 (𝐸) + ∑ 𝑘𝑖𝑗 (𝐸)𝑛𝑗 (𝐸)
𝑑𝑡
𝐸0
𝑖

𝑁𝑝

− 𝑘𝑑𝑖 (𝐸, 𝐽)𝑛𝑖 (𝐸, 𝐽) + 𝐾𝑒𝑞𝑖 𝑘𝑑𝑖 (𝐸)𝐹𝑖 (𝐸)𝑛𝐴 𝑛𝐵 − ∑ 𝑘𝑝𝑖 (𝐸, 𝐽)𝑛𝑖 (𝐸, 𝐽)
𝑝=1

𝑖 = 𝐼, … . , 𝑀
Rather than considering contributions from J only E is considered an independent
variable. Only taking contributions from the E terms vastly simplifies the amount of
information required to properly solve for rate coefficients.6-10 Added to the master
equation is an equilibrium constant, 𝐾𝑒𝑞𝑖 , and equilibrium population distribution, 𝐹𝑖 (𝐸),
which is how the need for the partition function is excluded. Thermal equilibrium is
assumed here as long as the reactants are in equilibrium with the bath gas and this
assumption has been shown to be experimentally accurate. This is accurate for all
combustion, atmospheric, and chemical-vapor-deposition modeling.
There are some assumptions worth mentioning that are made in this equation.
This involves the collisional energy transfer term Z. The assumptions are that any rate
coefficient involving energy transfer can be split into two terms: collision rate and a
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probability density function. It is also assumed that the collision rate is a constant
independent of energy. The collisional energy transfer term Z is commonly chosen to be
the Lennard-Jones collision rate which is accurate for weak collisions but quickly
becomes insufficient for large molecules. When appropriate this collisional energy
transfer term can be adjusted empirically.10 Another important distinction about transition
probabilities that appear in these master equations is they involve the flux from one state
to another, or from one set of states to another. An exponential down model was also
used to treat the probabilities of inducing a given transition.10
The Rice-Ramsperger-Kassel-Marcus (RRKM) theory Master equation method
will be used to calculate pressure and temperature dependent rate constants and
branching ratios of the various oxidation reactions occurring.11-13 The RRKM-ME method
is completely a priori and uses a solution of the one-dimensional master equation
(1DME) for the simple dissociation reaction A->B+C. The reverse rate constant is related
by the equilibrium constant. The 1DME represents the time variation of energy
dependent species populations in terms of the energy transfer rates and dissociation
rate constants. All kinetics calculations are done without experimental parameters and
these dissociation rate constants are calculated using variable reaction coordinate
transition state theory. Analytical representations are used for the characterization of the
energy transfer rate constants. This modeling requires precise information of the
potential energy surface as discussed earlier and require the use of transition state
theory.
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CHAPTER III
Combined Experimental and Computational Study on the Unimolecular Decomposition
of JP-8 Jet Fuel Surrogates. I. n-Decane (n-C10H22)
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Introduction
Kerosene-based jet fuel JP-8 presents the single battlefield fuel for the US Air Force and
Army equipment. It consists of several hundred hydrocarbons, which can be grouped
into four main classes: (i) aliphatic “paraffins” (33−61% n-alkanes and isoalkanes; 1−5%
olefins), (ii) monocyclic “paraffins” (10− 20%), (iii) alkyl-substituted benzenes (12−22%),
and (iv) polycyclic aromatic hydrocarbons (PAHs) (10−20%); additives acting as fuel
system icing inhibitors, corrosion inhibitors, and static dissipaters at the subpercent level
complement the mixture.1−11 Because of the chemical complexity of JP-8, engineering
and combustion scientists have been searching for surrogate fuels that can reasonably
represent the performance and emissions behavior of JP-8 jet fuel engines thus
providing a baseline for performance and emissions.12−23 The scientific community
concluded that accurate modeling of the combustion of JP-8 jet fuel is currently not
feasible because of the chemical complexity. Therefore, surrogate fuel and their
mixtures are considered as a key step toward modeling and understanding the
combustion of practical aviation fuel.3,24−26 Single-component fuels are adequate for
simple applications like combustion efficiency, while multicomponent surrogates are
required for chemistry-dependent applications such as soot formation and emissions,
combustion staging, and numerical modeling of flames.27 The development of these
chemical kinetic models requires accurate input parameters and an intimate
understanding of the very first processes, which initiate bond rupture processes in JP8
surrogates, provide a pool of radicals, and control the autoignition, under realistic,
combustion relevant physical conditions.10,26,28−30 These are typically temperatures up to
1600 K and pressures up to a few atmospheres. In principle, the unimolecular
decomposition and “pyrolysis” of these surrogates leads to smaller hydrocarbon
molecules and reactive transient species, among them aliphatic radicals, resonantly
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stabilized free radicals (RSFRs), and aromatic radicals (ARs), which initiate and drive
the complex chemistry in the combustion of JP-8 based jet fuel. Here, the initial
decomposition chemistry is often dubbed as “delivering the building blocks” for the
oxidation of JP-8 based jet fuel. Nevertheless, despite decades of research, the
fundamental question “What are the basic, most fundamental processes, which initiate
the combustion of JP-8 based jet fuel?” has not been resolved to date, predominantly
because well-defined experimentally derived mechanistic information and identification
of the nascent pyrolysis products are lacking with about 95% of the reaction pathways in
models being “assumed”; which even holds for sophisticated chemical kinetic models of
n-alkane surrogates such as n-decane and n-dodecane.31−37 However, detailed data on
the mechanism and products formed in the initial decomposition steps of JP-8 based fuel
components are crucial to elucidate the underlying reaction mechanisms how JP-8
based engines are operating. Therefore, an innovative approach is carried out here to
investigate the decomposition (“pyrolysis”) of prototype JP-8 jet fuel surrogates and to
probe the nascent product(s) together with the underlying mechanisms comprehensively
thus advancing the current understanding of these fundamental, elementary processes,
which initiate and drive the complex chemistry in the combustion of JP-8 based jet fuel
The current study revealed that n-decane was mainly consumed via hydrogen
abstraction reactions followed by β-scission to form small C1 to C6 products. High-level
theoretical data on the structure and energetics of the surrogate molecules and their
decomposition products are sparse owing to their relatively large molecular size. Multiple
combined experimental and theoretical studies devoted to the conformational stability
and the molecular shape, rotational constants, and ionization energies of n-decane and
n-dodecane were conducted.34 Considering the thermochemical properties, density
functional theory (DFT) calculations were performed to evaluate the enthalpy of
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formation of n-decane and n-dodecane together with their C−C bond dissociation
energies.35 Finally, we would like to address briefly modeling studies on the JP-8
surrogate n-decane. Ranzi et al.47 generated a wide range kinetic modeling study of the
pyrolysis, partial oxidation, and combustion of n-alkanes including n-decane, ndodecane, and n-hexadecane. A work that is a comprehensive experimental and
modeling investigation on n-decane, unravelling its pyrolysis and oxidation properties at
both low and high pressures. Whereas these investigations yielded valuable information
on the formation of closed-shell hydrocarbon intermediates and products, these species
were mainly analyzed off-line and ex situ (HPLC, GC MS); neither HPLC nor GCMS can
sample radical transient species nor thermally labile closed-shell molecules. Therefore,
the “molecular inventory” might have been altered since its formation, crucial reaction
intermediates cannot be sampled, and detailed information on the reaction mechanisms
the role of radicals and intermediates cannot always be obtained but are at best inferred
indirectly and qualitatively. On the basis of these considerations, a novel methodology to
investigate the unimolecular decomposition of JP-8 fuel surrogates is necessary. An
approach which requires probing the open- and closed-shell products online and in situ
without changing the initial “molecular inventory” and exploiting versatile,
nonspectroscopic detection systems so that the complete product spectrum can be
sampled quantitatively. These studies will be combined with electronic structure
calculations to yield a unified picture on the temperature and pressure dependent
decomposition mechanisms of JP-8 jet fuel surrogates. The present investigation
represents the first in a series of combined experimental and theoretical studies to probe
the pyrolysis and decomposition of prototype JP-8 jet fuel surrogates: n-decane (C10H22).
Finally, by carrying out molecular beam experiments and combining these studies with
electronic structure calculations, we elucidate data on the products, their branching
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ratios, and reaction mechanisms involved in the decomposition of JP-8 surrogates over
a broad range of combustion-relevant temperatures and pressures.
Methods:
Geometries of n-decane and its primary and secondary decomposition products as well
as transition states for secondary decomposition reactions (isomerizations and C−C and
C−H bond β-scissions) and for direct hydrogen atom abstractions by hydrogen atoms
have been optimized using the density functional B3LYP method with the 6-311G(d,p)
basis set. Vibrational frequencies of various local minima and transition states have
been computed at the same level of theory. Relative energies for all species have been
refined by single-point calculations at the G3(CCSD,MP2) level of theory,38-40 which
included the empirical higher level correction (HLC),41 using B3LYP/6-311G(d,p)
optimized geometries and including zero-point vibrational energy corrections (ZPE) also
obtained at B3LYP/6-311G(d,p). The inclusion of the HLC increases the calculated
strengths of C−H bonds by 7 kJ mol−1, decreases relative energies of transition states
and products for the C10H22 + H → C10H21 + H2 hydrogen atom abstraction reactions also
by 7 kJ mol−1, is insignificant for C−C bond cleavages, and zero by definition for C−C
bond β-scissions. The G3(CCSD,MP2)//B3LYP theoretical level is expected to provide
the energetic parameters with “chemical accuracy” within 3−6 kJ mol−1 in terms of
average absolute deviations.41 The ab initio calculations were performed using the
GAUSSIAN 0941 and MOLPRO 201039 program packages. Rate constants for various
primary and secondary reactions involved in the pyrolysis of n-decane have been
computed by solving the one-dimensional master equation39 using the MESS package.40
Here, rate constants k(T) for individual reaction steps were calculated within RRKM
(unimolecular reactions) or transition state theory (TST, bimolecular reactions) generally
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utilizing the rigid-rotor, harmonic-oscillator (RRHO) model for the calculations of partition
functions for molecular complexes and transition states. Collisional energy transfer rates
in the master equation were expressed using the “exponential down” model,40 with the
temperature dependence of the range parameter α for the deactivating wing of the
energy transfer function expressed as α(T) = α300(T/300 K)n , with n = 0.86 and α300 =
228 cm−1 obtained earlier from classical trajectories calculations as “universal”
parameters for hydrocarbons in the nitrogen bath gas.40 We used the Lennard-Jones
parameters (ε/cm−1 , σ/Å) = (237, 5.02) for the n-decane/ nitrogen system derived by
Jasper et al.41 using the fit of results using the “one-dimensional optimization” method.39
For β-scission reactions of smaller 1-alkyls we employed Lennard-Jones parameters for
the corresponding n-alkane/N2 combinations also derived by Jasper et al.39 Two issues
are challenging in rate constant calculations, the treatment of barrierless reactions, such
as the C−C and C−H single bond cleavages in the original n-decane molecule, and the
description of multiple (and often coupled) hindered rotors in the molecule and radical
products, which possess a large number of single bonds. Since our goal here is not
quantitative prediction of reaction rate constants but rather qualitative evaluation of
relative yields of various products at different stages of the pyrolysis in order to account
for the observed experimental results, we utilized a number of approximations to
address these issues. First, the barrierless single-bond cleavage reactions were treated
using phase space theory with the empirical potential energy parameters selected in
such a way that the calculated rate constants for the reverse CxHy + C10-xH22-y and
C10H21 + H radical recombination reactions reproduce the rate constants for the
prototype C2H5 + C2H5 and C2H5 + H reactions in the experimental 1100−1600 K
temperature interval studied earlier by Klippenstein and coworkers40,41 using the most
accurate up-to-date theoretical approach, variable reaction coordinated transition state
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theory (VRC-TST). Second, the hindered rotor treatment was applied only to smaller
C3H7 and C4H9 radicals while dealing with their β-scission reactions. For these species,
soft normal modes were visually examined and those representing internal rotations
were considered as one-dimensional hindered rotors in partition function calculations.
For larger alkyl radicals, C5H11, C6H13, C7H15, C8H17, and C9H19, only terminal CH2, CH3,
and C2H4 rotations were treated as hindered rotors, whereas all other convoluted
rotations were treated as harmonic oscillators. One-dimensional torsional potentials
were calculated by scanning PESs at the B3LYP/6-311G(d,p) level of theory. For
comparison, we also performed calculations of the same rate constants in pure RRHO
approximation and found that the replacement of harmonic oscillators with hindered
rotors increases the β-scission rate constants by 8− 41% at 1000 K, but the difference
drops to only 2−25% at 1600 K. For n-decane and decyl radicals, visual identification of
internal rotations is not practically possible because those are coupled with one another
and with other types of motions. Therefore, these species were treated within RRHO
keeping in mind the above-mentioned error bars in rate constants. At the same time, the
expected errors in ratios of rate constants are expected to be smaller than the errors in
their absolute values as a consequence of the cancelations of similar inaccuracies.
Hence we anticipate that the relative product yields are predicted by our calculations
with significant accuracy.
Results and Discussion:
In order to understand the mechanism of n-decane pyrolysis and to account for the
products observed experimentally, we computed the potential energy diagrams for the
unimolecular decomposition of n-decane (C10H22) along with the primary products as a
first step. The n-decane molecule can break apart by initial cleavage of various C−C
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reaction R1) and C−H bonds (reaction R2 producing pairs of 1-alkyl radicals and n-decyl
radicals plus a hydrogen atom, respectively.
C10H22 → + CxHy + C𝑥’Hy′ (R1)
C10H22 → C10H21 + H

(R2)

Homolytic C−C and C−H Bond Cleavages and Consecutive β-Scissions (C−C;
C−H). Let us consider first the C−C bond cleavages as illustrated in Figure 3.1. The
strengths of the C−C bonds are computed to be in the range of 360−368 kJ mol−1, with
the C2−C3 bond being the weakest and the C4−C5 bond being the strongest. However,
the differences in the C−C bond strengths are rather small and hence it is reasonable to
expect that all product pairs, CH3 + C9H19, C2H5 + C8H17, C3H7 + C7H15, C4H9 + C6H13,
and C5H11 + C5H11, can be in principle formed. Alternatively, the strengths of C−H bonds
appeared to be significantly higher than C-C bonds, in the 406−418 kJ mol−1 range.
Here, primary C1−H bonds in terminal CH3 groups are the strongest and secondary C−H
bonds in CH2 groups vary in a very narrow interval of 406−408 kJ mol−1. These results
are consistent with the corresponding experimental C−C and C−H bond strengths in nbutane, propane, and ethane evaluated taken from the enthalpies of formation at 0 K
from the Active Thermochemical Tables.91 The difference in the bond strengths makes
rate constants for the C−H cleavages 4−5 orders of magnitude slower than those for the
C−C cleavages and, hence, the cleavage of the C−C bonds is anticipated to be the
dominant process in C10H22 unimolecular decomposition. In the temperature range of
1000−1600 K and 1 atm, the rate constants for the C−C cleavages exhibit well-defined
Arrhenius behavior and grow from few s−1 to 1−2 × 106 s −1. These values are in accord
with the experimental observations that only a small fraction of n-decane is consumed at
1100 K, but no parent molecules survive above 1500 K during the residence time, which
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is tens of microseconds. The computed rates to cleave different C−C bonds are close to
each other, and grow to 3−6 × 107 s −1 at 2500 K, except for the one to produce CH3 +
C9H19, which remains more than an order of magnitude lower. The calculated relative
product yields 1.6−1.7% for CH3 + C9H19, 37.7−34.1% for C2H5 + C8H17, 19.1−19.2% for
C3H7 + C7H15, 16.6−18.3% for C4H9 + C6H13, and 25.0−26.7 for C5H11 + C5H11 in the
1000−1600 K interval, exhibiting only slight temperature dependence up to 2500 K.
Calculations at different pressures from 600 Torr to 100 atm show that the product
branching ratios are practically independent of pressure. Summarizing, the pyrolysis of
n-decane at 1500 K and above is predicted to predominantly produce a mixture of 1alkyl radicals, from ethyl to 1-octyl, on the time scale of 1 μs or less. The 1-alkyl radicals
appeared to be unstable at the experimental conditions and are subjected to a rapid
C−C bond β-scission producing ethylene C2H4 in conjunction with a two carbon shorter
1-alkyl. As seen in Figure 3.1 and Table 3.2, the calculated barrier heights and reaction
energies for the C−C bond β-scissions are 123−126 and 86−90 kJ mol−1, respectively.
The computed rate constants for C−C bond β-scissions are approximately in the range
of 107−108 s −1 in the experimental temperature interval. Thus, the lifetimes of the
primary dissociation products, 1-alkyl radicals, is shorter than 1 μs under the
experimental conditions and they are predicted to rapidly decompose forming the
ultimate products C2H4, CH3, and C2H5 as detected experimentally via the stepwise
mechanism shown below. The ethyl radical would further lose an H atom via a C−H
bond β-scission producing ethylene.
C8H17 → C6H13 + C2H4
C7H15 → C5H11+ C2H4
C6H13 → C4H9 + C2H4
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C5H11 → C3H7 + C2H4
C4H9 → C2H5 + C2H4
C3H7 → CH3 + C2H4
C2H5 → H + C2H4
However, this mechanism cannot account for the experimental observation of higher 1alkenes, especially propene and 1-butene, which are found among major pyrolysis
products at 1100 K and are still significant up to 1400 K. One possibility to form 1alkenes from 1-alkyl radicals is C−H bond β-scission, but the calculations show that C−H
β-scission barriers are 20−26 kJ mol−1 higher than the corresponding C−C β-scission
barriers in 1-alkyls from C3H7 to C8H17. The computed branching ratios for the C−H βscission channels in C4H9 - C8H17 are very small and do not exceed 1−2% until the
highest temperatures and pressures (2,500 K and 100 atm), where they reach 5−6%.
The relative yield of propene + H is higher from the n-propyl radical (C3H7) and
constitutes 3−4% at 1100−1600 K and 1 atm increasing to 6%, 9%, and 13% at 2500 K
and pressures of 1, 10, and 100 atm, respectively. Thus, C−H bond β-scissions cannot
explain the large experimental yields of propene and 1-butene at low temperatures since
they are unfavorable compared to the β-scissions involving loss of ethylene (C2H4). In
summary, C−C bond cleavages leading to 1-alkyl radicals are strongly favored
compared to C−H bond rupture processes; the higher 1-alkyl radicals (>C2) do not
survive under our experimental conditions and decay via successive C−C β-scissions
(C2H4 elimination), which dominate over C−H β-scission (alkene formation), to yield
eventually the C1 to C2 hydrocarbons methyl (CH3), ethyl, (C2H5), and ethylene (C2H4).
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Hydrogen Migrations and Consecutive β-Scissions. Can the 1-alkyl radicals
isomerize before they decompose by C−C bond β-scission? Isomerization channels
involving 1,2- and 1,3-H atom shifts in C3H7 and C4H9 are not competitive because the
corresponding hydrogen migration barriers are 157−162 kJ mol−1 , i.e., much higher than
the C−C bond β-scission barriers. However, in higher 1-alkyl radicals, beginning from
C5H11, a possibility of 1,4-H, 1,5-H, 1,6-H, and 1,7-H shifts eventually opens up (Figure
3.3). For instance, 1- pentyl can isomerize to 2-pentyl via a 1,4-H shift, 1-hexyl can
isomerize to 2-hexyl and 3-hexyl via 1,5-H and 1,4-H shifts, respectively, 1-heptyl can
rearrange to 2-, 3-, and 4-heptyls via 1,6-H, 1,5-H, and 1,4-H shifts, respectively, and 1octyl can isomerize to 2-, 3-, and 4-octyls via 1,7-H, 1,6-H, and 1,5-H or 1,4-H shifts,
respectively. Typical calculated barrier heights for 1,4-, 1,5-, 1,6-, and 1,7-H shifts are
92−94, 64−66, 71−72, and 80 kJ mol−1 and thus they are lower than that for the C−C
bond β-scission of about 124 kJ mol−1 . These hydrogen shifts are followed by C−C βscissions forming higher 1-alkenes rather than ethylene. For example, 2-pentyl
dissociates to propene + C2H5, 3-hexyl decomposes to either 1-butene + C2H5 or 1pentene + CH3. The C−C β-scission barriers in n-alkyls (n > 1) exhibit similar heights to
those in 1-alkyls and hence all C−C β-scission channels are competitive. The calculated
branching ratios presented in Tables S3−S6 of Supporting Information show large
dependence on temperature and pressure. Qualitatively, at low pressures up to 1 atm,
the products formed following a 1,5-H shift are preferable, but at high pressures of 10
and 100 atm the direct C−C β-scission from 1-alkyls producing ethylene (C2H4)
dominates. Earlier, similar isomerization channels involving H shifts followed by C−C βscissions producing higher 1-alkenes were proposed by Tsang and co-workers for 1hexyl and 1-octyl radicals.27 They derived high-pressure limit rate constants for
decomposition and isomerization of hexyl and octyl radicals from shock tube
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measurements in the ∼850−1000 K temperature range and then deduced the pressure
dependence from a semiempirical RKKM-ME analysis. A comparison of the present
high-pressure limit rate constants with those proposed by Tsang et al. shows general
agreement within a factor or 2 or better in the experimental temperature range for
various β-scission processes. However, deviations are found to be higher for the H shift
reactions, for which the present calculations can overestimate the results reported by
Tsang et al. by up to a factor of 5. A direct comparison of the branching ratios of various
alkenes measured by Tsang et al. in the shock tube experiments from 1-hexyl and 1octyl is not warranted because of the fast secondary reactions decomposing smaller
alkyl radicals; the branching ratios are computed only for the primary decomposition.
Clearly, detailed kinetic modeling, which can utilize the rate constants derived here,
would be required for better description of the experimental data both in the shock tubes
and in the pyrolitic reactor, but this is beyond the scope of the present work. In summary,
the reaction mechanism involving hydrogen migration in C5 to C8 1-alkyl radicals
preceding C−C β-scission accounts for the observation of C3−C7 alkenes [propene, 1butene, 1-pentene, 1-hexene, and 1-heptene] as monitored in the experiments, and
especially, for the large branching ratios of C3H6 and C4H8 at low temperatures. At
temperatures of 1500 K and above the lifetime of a single C−C bond approaches 1 μs
and hence higher alkenes are likely to decompose on the time scale of the experiment
and their yield becomes insignificant.
Hydrogen Abstraction. The higher alkenes can be also produced by C−C bond βscissions in n-decyl radicals (n > 1, see Figure 3.1 and Table 3.2). While n-decyls are
unlikely to be formed by C−H bond cleavages in n-decane, they can be produced by
direct hydrogen abstractions by hydrogen atoms or other radicals in the reactive system
when such radicals become available. The calculated barrier heights and reaction
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exoergicities for the hydrogen abstraction reactions by hydrogen from secondary C−H
bonds are ∼33 (26) and 23−24 (30−31) kJ mol−1 , where the values in parentheses
include the HLC correction in the G3(CCSD,MP2) calculations. The hydrogen
abstractions from the primary C−H bonds are less favorable exhibiting the barrier and
the reaction exothermicity of 47 and 12 kJ mol−1, respectively. The most accurate up-todate calculations of hydrogen abstraction from C3H8 and C2H6 gave the reaction barriers
and exoergicities as 32 and 27 kJ mol−1 , respectively, for the secondary hydrogen
abstraction, and 43−44 and 15−16 kJ mol−1 for the primary hydrogen abstraction.94 The
calculated rate constants for secondary hydrogen abstractions are similar to each other
and are much higher than those for the primary hydrogen abstraction indicating that the
most likely products are 2-, 3-, 4- and 5-decyl radicals (Figure 3.1). It is noteworthy that
the rate constants for secondary hydrogen abstractions evaluated here agree best with
the literature data (the most accurate calculations for C3H839 and experimental data for
C3H8, C4H10, and C5H1240,41) if the HLC correction is not taken into account, but for the
primary hydrogen abstraction the agreement is better with the HLC correction. Still, the
calculated rate constants for C10H22 + H secondary hydrogen abstractions overestimate
the literature values for C3H8 from by factors of 2−2.5 at 500 K to factors 4−5 at 2500 K.
For the primary hydrogen abstraction, the deviation is smaller and the C10H22 + H rate
constants underestimate those for C3H8 + H by 20−50%. Apparently, a more rigorous
anharmonic treatment of soft normal modes is required to generate more accurate
hydrogen abstraction rate constants but this is beyond our goals in the present work.
Here, our main conclusion that the secondary H abstractions are feasible and form ndecyl radicals (n > 1) with roughly equal yields. Once the n-decyl radicals are produced,
they can rapidly undergo C−C bond β-scission to yield higher alkenes together with 1alkyl radicals:
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C10H21 (2 decyl) → C3H6 + C7H15
C10H21 (3 decyl) → C9H18 + CH3
→ C6H13 + C4H8
C10H21 (4 decyl) → C8H16 + C2H5
→

C5H10 + C5H11

C10H21 (5 decyl) → C7H14 + C3H7
→ C6H12 + C4H9
The calculated barriers for these reactions are in the range of 121−126 kJ mol−1 and
they are endoergic by 89−98 kJ mol−1; the energetic parameters are thus similar as
those for C−C β- scissions in smaller alkyl radicals considered above. The rate
constants calculated at 1 atm are close for all the reactions considered and indicate that
the lifetime of the decyl radicals decreases from 0.1 to 0.2 μs at 1000 K to 3−5 ns at
1600 K. In summary, n-decyl radicals, which may be produced by hydrogen abstraction,
can also undergo subsequent C−C bond β-scissions leading to experimentally observed
alkenes: 1-butene, 1-pentene, 1-hexene, and 1- heptene. Therefore, the present
investigation provides a complete inventory of radicals formed in the initial stage of
decomposition, which de facto supply the radical pool for further oxidation of the fuel.
This works presents a template of further investigations on the decomposition of JP-8
surrogates and also related to real jet fuel such as JP-10.
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Table 3.1 Compilation of Products Observed in the Present Studies on the
Decomposition of n-Decane

Species

Formula

Mass

Hydrogen
Methyl radical
Methane
Acetylene
Vinyl radical
Ethylene
Ethyl radical
Propargyl radical
Allene
Methylacetylene

H2
CH3
CH4
C2H2
C2H3
C2H4
C2H5
C3H3
C3H4
C3H4

2
15
16
26
27
28
29
39
40
40

Allyl radical

C3H5

41

Propene

C3H6

42

1,3-Butadiene

C4H6

54

1-Butene

C4H8

56

2-Butene

C4H8

56

1-Pentene

C5H10

70

1-Hexene

C6H12

84

1-Heptene

C7H14

98
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Structure

Figure 3.1 Potential Energy for Primary and Secondary Dissociation Channels of nDecane.

C2H4 + C8H17 + H
541

C3H6 + C7H15 + H
532
530

507
C10H21(1-decyl) + H
418

531
505

497

502

529

C5H10 + C5H11 + H
531
500

494

408

407

406

C4H8 + C6H13 + H
534

531
502
499

407
C4H9 +
C6H12+H
C2H5 + C8H16 + H

CH3 + C9H18 + H
C10H21(2-decyl) + H

0
C10H22, n-decane
C9H19

C7H15 + C2H4 + CH3
486
451

+
CH3
362

360

C10H21(3-decyl) + H

C10H21(4-decyl) + H C10H21(5-decyl) + H

C2H5 + C2H4 + C6H13
CH3 + C2H4 + C7H15
C6H13 + C2H4 + C2H5
491
492 491
489 491
484
456
452
451
452
457
456
2C4H9 + C2H4
367
368
365
C3H7 + C2H4
C5H11
+ C5H11
C6H13
C7H15

C8H17
0
C10H22, n-decane

C3H7 + C7H14 + H

C5H11 + C2H4 + C3H7
+
C3H7

+
C2H5
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+
C4H9

+
C5H11

Figure 3.2 Calculated Rate Constants at 1 atm for Unimolecuar Reactions (a) for C-C
and C-H Bond Cleavages in C10H22; (b) C-C Bond β-scissions in 1-Alkyl Radicals; (c) for
C10H22 + H Direct H Abstractions; (d) for C-C Bond β-scissions in n-Decyl Radicals
C10H21 (n=1-5)
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Table 3.2 Calculated Barrier Heights and Reaction Energies for C-C Bond β-Scission
and Direct H Abstraction Reactions of n-Decane
Reaction

Barrier (kJ mol-1)

C9H19 → C7H15 + C2H4
C8H17 → C6H13 + C2H4
C7H15 → C5H11 + C2H4
C6H13 → C4H9 + C2H4
C5H11 → C3H7 + C2H4
C4H9 → C2H5 + C2H4
C3H7 → CH3 + C2H4
C10H21 (1-decyl) → C8H17 + C2H4
C10H21 (2-decyl) → C7H15 + C3H6
C10H21 (3-decyl) → C9H18 + CH3
C10H21 (3-decyl) → C6H13 + C4H8
C10H21 (4-decyl) → C8H16 + C2H5
C10H21 (4-decyl) → C5H10 + C5H11
C10H21 (5-decyl) → C7H14 + C3H7
C10H21 (5-decyl) → C6H12 + C4H9
C10H22 + H → C10H21 (1-decyl) + H2
C10H22 + H → C10H21 (2-decyl) + H2
C10H22 + H → C10H21 (3-decyl) + H2
C10H22 + H → C10H21 (4-decyl) + H2
C10H22 + H → C10H21 (5-decyl) + H2

124
124
124
124
124
123
126
123
124
125
124
126
121
124
124
47 (40)a
34 (26)a
33 (26)a
33 (26)a
33 (26)a

a

Reaction energy (kJ mol-1)
89
92
91
89
89
86
86
89
91
98
95
86
92
95
92
-12 (-19)a
-24 (-31)a
-23 (-31)a
-23 (-30)a
-23 (-30)a

The values including the higher level correction (HLC) for H abstractions are given in
parenthesis.
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Figure 3.3 Potential Energy Diagrams for Decomposition Pathways of C5H11, C6H13,
C7H15, C8H17 Involving H Shifts and C-C Bond β-Scissions.
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Figure 3.4 Compiled Reaction Mechanism for the Pyrolysis of n-Decane
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Figure 3.5 Summary of Global Reaction Mechanisms Leading to Primary Reaction
Products in the Decomposition of n-Decane
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Chapter IV
Combined Experimental and Computational Study on the Unimolecular Decomposition
of JP-8 Jet Fuel Surrogates. II: n-Dodecane (n-C12H26)
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Introduction:
Jet Propellant-8 (JP-8) is a kerosene-based jet fuel which is widely used by the US
military. It is comprised of hundreds of hydrocarbons which include aliphatic molecules
(33−61% n-alkanes and isoalkanes; 1−5% olefins), monocyclic “paraffins” (10−20%),
alkyl-substituted benzenes (12−22%), and polycyclic aromatic hydrocarbons (PAHs)
(10−20%).1 Combustion scientists have been exploiting surrogate fuels in an attempt to
convincingly model the performance along with emission characteristics of JP-8
engines.1−24 While single-component surrogate fuels are suitable to replicate combustion
efficiencies, multicomponent surrogates are essential to adequately model the chemistry
of soot formation and flames.25 These kinetic models require precise input parameters
and an accurate knowledge of the initial steps, which initiate bond rupture in JP-8
surrogates. These processes essentially supply a pool of highly reactive radicals - often
aromatic radicals (AR) and resonantly stabilized free radicals (RSFRs) - ultimately
managing the autoignition and successive oxidation processes under combustion
relevant conditions of temperatures of up to 1600 K and pressures up to a few
atmospheres.10,26−29 Previous experimental studies on the decomposition of the aliphatic
component of JP-8 exploited n-dodecane (𝐶12 𝐻26) as surrogates. In principle, these
experiments revealed that the decomposition and “pyrolysis” of these surrogates lead to
smaller C1 to C12 hydrocarbon molecules, but also reveal mass growth processed
leading eventually to polycyclic aromatic hydrocarbons (PAHs). The studies of ndodecane thermal decomposition can be traced back to the 1980s. With high-pressure
single pulse shock tube setups, Malewicki and Brezinsky30 performed an experimental
and modeling study on the pyrolysis and oxidation of n-dodecane. The experiment
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covered the temperature range from 867 to 1739 K, pressures from 19 to 74 atm,
reaction times from 1.15 to 3.47 ms, and equivalence ratios from 0.46 to 2.05 and ∞.
They measured the major hydrocarbon intermediates during n-dodecane pyrolysis
experiments including ethylene (C2H4), methane (CH4), propylene (C3H6), acetylene
(C2H2), ethane (C2H6), 1-butene (C4H8), 1,3-butadiene (C4H6), 1-hexene (C6H12), 1pentene (C5H10), 1-heptene (C7H14), 1-octene (C8H16), vinylacetylene (C4H4), 1-nonene
(C9H18), and 1-decene (C10H20). Studies found that over the temperature of 1000 K, the
process can be divided into two stages, decomposition of the fuel and its intermediates.
The second step of intermediate decomposition is always rate limiting. The time history
of several hydrocarbon intermediates and final products were measured including
methane (CH4), ethane (C2H6), acetylene (C2H2), ethylene (C2H4), propene (C3H6), 1butene (C4H8), 1,3-butadiene (C4H6), 1-pentene (C5H10), 1-hexene (C6H12) 1,3-hexadiene
(C6H10), and 1-heptene (C7H14). Observed products included hydrogen (H2), methane
(CH4), ethane (C2H6), 1,3-butadiene (C4H6), and 1-alkenes from ethylene (C2H4) to 1undecene (C11H22). And at higher temperatures and residence times, mass growth
processes to monocyclic and polycyclic aromatic species were observed. The authors
found the 1-alkene selectivity strongly depends upon the system pressure in the
pyrolysis of straight-chain alkanes as major products; the lower the pressure meaning
the higher the selectivity. On the basis of their previous literature data, they revised the
kinetic model by Dooley et al.31 Of particular interest, Westbrook and co-workers carried
out a comprehensive detailed chemical kinetic modeling for n-alkanes from n-octane to
n-hexadecane. Their mechanism was designed to reproduce n-alkane oxidation at both
low and high temperatures, and validated through extensive comparisons between
computed and experimental data from a wide variety of different sources, including flow
reactor pyrolysis, JSR pyrolysis, JSR oxidation, shock tube, and RCM ignition delay
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times. The proposed reaction mechanism can describe the kinetics of n-dodecane, as
well as that of n-heptane, iso-octane, and some substituted aromatics (toluene, styrene,
ethylbenzene, m-xylene and 1-methylnaphthalene), which are important components of
transportation fuel surrogates. These studies reported multiple lower-mass C3−C7
hydrocarbons including alkenes, alkynes, and dienes along with C1 (methane) and C2
(acetylene, ethylene) as final products. Also, five radicals were observed in the n-decane
pyrolysis including methyl, vinyl, ethyl, propargyl, and allyl. Further, the study presented
branching ratios along with the underlying decomposition mechanisms. Here, we expand
our studies to investigate via a combined theoretical and experimental strategy, the
decomposition mechanisms of n-dodecane (𝐶12 𝐻26) within the pyrolytic reactor and
compare our findings with those data from previous high pressure shock tubes, flow
reactors, and jet stirred reactor studies. It is our goal to provide both qualitative and
quantitative identification of all nascent decomposition products (radicals and closedshell molecules along with their structural isomers), the fundamental decomposition
mechanisms, and reveal how their branching ratios depend on the temperature of the
reactor. These data are of critical importance to the JP-8 modeling community to
eventually optimize combustion efficiency and limit the production of toxic byproducts
such as carcinogenic and mutagenic PAHs.
Methods:
Geometries of n-dodecane, its primary and secondary decomposition products, and
transition states for secondary decomposition reactions (C−C bond β-scissions) and for
direct H atom abstractions by hydrogen atoms have been optimized using the density
functional B3LYP/6-311G(d,p) method. Vibrational frequencies of various stationary
structures have been computed at the same level of theory. Then, relative energies for
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all optimized structures have been reevaluated by single-point calculations at the
G3(CCSD,MP2) level of theory32-34 with B3LYP/6-311G(d,p) zero-point vibrational energy
corrections (ZPE), including the empirical higher level correction (HLC)73 and using
B3LYP/6-311G(d,p) optimized geometries. The inclusion of the HLC increases the
calculated strengths of C−H bonds by 7 kJ/mol, decreases relative energies of transition
states and products for the 𝐶12 𝐻26+ H → C12H25 + H2 hydrogen atom abstraction
reactions also by 7 kJ/mol, is insignificant for C−C bond cleavages, and zero by
definition for C−C bond β-scissions. The G3(CCSD,MP2)//B3LYP theoretical level has
been shown to provide “chemical accuracy” within 3−6 kJ/mol in terms of average
absolute deviations of relative energies of various stationary structures.33 The ab initio
calculations were performed using the GAUSSIAN 0935 and MOLPRO 201034 program
packages. Rate constants for primary and secondary reactions involved in the pyrolysis
of n-dodecane have been calculated using the RRKM/master equation approach35 with
the MESS package,36 generally utilizing the rigid-rotor, harmonic-oscillator (RRHO)
approximation for the evaluation of partition functions for molecular complexes and
transition states. Collisional energy transfer rates in the master equation were expressed
using the “exponential down” model,37 with the temperature dependence of the range
parameter α for the deactivating wing of the energy transfer function expressed as α(T) =
α300(T/300 K)n , with n = 0.86 and α300 = 228 cm−1 obtained earlier from classical
trajectories calculations as “universal” parameters for hydrocarbons in the nitrogen bath
gas.37 We used the Lennard-Jones parameters (ε/cm−1 , σ/Å) = (253, 5.16) for the ndodecane/ nitrogen system derived by Jasper et al.36 using the fit of results using the
“one-dimensional optimization” method.35 Since our goal in this work is both qualitative
and quantitative evaluation of relative yields of various products at different stages of the
pyrolysis in order to account for the observed experimental results, we used a simplified
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approximation to treat C−C and C−H single bond cleavages in the original n-dodecane
molecule occurring without barriers. In particular, rate constants for these reactions were
calculated using phase space theory with empirical potential energy parameters selected
in such a way that the rate constants for the reverse CxHy + C12-xH26-y and C12H25 + H
radical recombination reactions reproduce the rate constants for the prototype CH3 +
CH3 and C2H5 + H reactions in the experimental 1200−1600 K temperature interval
studied earlier by Klippenstein and co-workers38,39 using the most accurate up-to-date
theoretical approach, variable reaction coordinated transition state theory (VRC-TST).
Another theoretical issue is the appropriate treatment of soft normal modes in 𝐶12 𝐻26 and
C12H25 radicals, which are represented by convoluted coupled hindered rotations.
Identification of such hindered rotors and evaluation of their potential energy profiles in
long alkanes is an extremely complex task. However, in our previous work, we showed
that in smaller 1-alkyl radicals, from C3H7 to C9H19, the replacement of harmonic
oscillators with hindered rotors increased the computed C−C β-scission rate constants
by 8−41% at 1000 K and by only 2−25% at 1600 K.38,39 Here, all calculations have been
performed within RRHO keeping in mind the above-mentioned error bars in rate
constants. The anticipated errors in ratios of rate constants are expected to be smaller
than the errors in their absolute values due to cancelations of similar inaccuracies.
Results and Discussion:
The n-dodecane molecule can decompose by initial cleavage of various C−C (reaction
R1) and C−H bonds (reaction R2) producing pairs of 1-alkyl radicals and n-dodecyl
radicals plus a hydrogen atom, respectively.
C12H26 → CxHy + C𝑥’Hy′ (R1)
C12H26 → C12H25 + H

(R2)
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Overall branching ratios of the species obtained in the decomposition of n-dodecane in
the temperature range from 1200 to 1600 K.
Homolytic C−C and C−H Bond Cleavages and Consecutive β-Scissions (C−C;
C−H).
The energetics of the C−C bond cleavages in 𝐶12 𝐻26 is illustrated in Figure 4.1. The C−C
bond strengths are calculated to be in the range of 361− 366 kJ/mol, where the C2−C3
bond was found to be the weakest and the C5−C6 bond to be the strongest. The
differences in the C−C bond strengths are so small that one can anticipate that all
product pairs, CH3 + C11H23, C2H5 + C10H21, C3H7 + C9H19, C4H9 + C8H17, C5H11 + C7H15,
and C6H13 + C6H13, can be in principle formed. On the other hand, the calculated
strengths of C−H bonds are significantly higher (Table 4.2). The primary C1−H bonds in
terminal CH3 groups are the strongest, 418 kJ/mol, whereas the secondary C−H bonds
in CH2 groups vary in a very narrow range of 406−407 kJ/mol. These values are close to
the corresponding experimental C−C and C−H bond strengths in n-butane, propane, and
ethane evaluated based on enthalpies of formation at 0 K from Active Thermochemical
Tables and also to the theoretical values for n-decane calculated in our previous work.42
Because of the large difference in the bond strengths, rate constants for the C−H
cleavages appeared to be several orders of magnitude lower than those for the C−C
cleavages and therefore the C−C bond cleavage is predicted to dominate the
unimolecular decomposition of dodecane. In the temperature range of 1000−1600 K and
1 atm, the rate constants for the C−C cleavages exhibit well-defined Arrhenius behavior
and grow from 2.6−3.6 s−1 to (1−2) × 106 s −1. These values agree with the experimental
observations that while only a small fraction of n-dodecane is consumed at 1100 K, no
parent molecules survive above 1500 K during the residence time in the reactor, about
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tens of microseconds. The computed rate constants for the cleavages of the terminal
bonds to produce CH3 + C11H23 are found to be 1-2 orders of magnitude lower than
those for the cleavage of nonterminal C−C bonds. The rate constants calculated at 1
atm, except for the one to produce CH3 + C11H23 , grow to 4−6 × 107 s −1 at 2500 K; a
small falloff behavior at higher temperatures is seen in a decrease of the slope of the
rate constant curves. The computed relative product yields are ∼1% for CH3 + C11H23,
17−16% for C2H5 + C10H21, 23−24% for C3H7 + C9H19, ∼ 19% for C4H9 + C8H17, 18−19%
for C5H11 + C7H15, and 21−22% for C6H13 + C6H13 and show very slight temperature
dependence from 1000 to 2500 K. The product yields are also practically independent of
pressure in the range from 30 Torr to 100 atm. Which allows us to conclude that the
pyrolysis of n-dodecane at 1500 K and above should predominantly produce a mixture of
1-alkyl radicals, from ethyl to 1-decyl, on a time scale of 1−2 μs. In our previous work
considering the pyrolysis of n-decane43 we have shown that the higher 1-alkyl radicals
are unstable in the experimental temperature range and are subject to a rapid C−C bond
β-scission producing ethylene C2H4 together with a smaller 1-alkyl. As shown in Figure
4.1 and Table 4.2, the calculated barrier heights and reaction energies for the C−C bond
β-scissions are 123−126 and 86−92 kJ/mol, respectively. The computed rate constants
for C−C bond β-scissions are approximately in the range of 107 −108 s −1 at T =
1200−1600 K, and hence, the lifetimes of the primary dissociation products, 1-alkyl
radicals, is shorter than 1 μs under the experimental conditions and they are expected to
rapidly decompose to the ultimate C2H4, CH3, and C2H5 products detected
experimentally via the stepwise mechanism shown below. Depending on the residence
time, the ethyl radical may or may not further lose an H atom via a C−H bond β-scission
producing ethylene.
C10H21 → C8H17 + C2H4
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C9H19 → C7H15 + C2H4
C8H17 → C6H13 + C2H4
C7H15 → C5H11+ C2H4
C6H13 → C4H9 + C2H4
C5H11 → C3H7 + C2H4
C4H9 → C2H5 + C2H4
C3H7 → CH3 + C2H4
C2H5 → H + C2H4
The mechanism of consecutive direct C−C bond β-scissions unzipping large 1-alkyl
radicals down to the mixture of C2H4, C2H5, and CH3 cannot explain the experimental
observation of higher 1-alkenes, especially propene and 1-butene, which are among
major pyrolysis products at 1200 K and are still present up to 1600 K. We discussed
several possible formation pathways of 1-alkenes in the previous paper on n-decane.44
The first one is C−H bond β-scission in 1-alkyls, but according to the calculations C−H βscission barriers are 20−26 kJ/mol higher than the corresponding C−C β-scission
barriers in C3H7−C8H17. Because of this difference, the computed branching ratios for the
C−H β-scission channels in C4H9−C8H17 are very small and do not exceed 1−2% until
the highest temperatures and pressures (2500 K and 100 atm), where they reach
5−6%.45 The relative yield of propene + H is higher from C3H7 and increases from 3 to
4% at 1100−1600 K and 1 atm to 6%, 9%, and 13% at 2500 K and pressures of 1, 10,
and 100 atm, respectively. Thus, C−H bond β-scissions cannot explain the large
experimental yields of propene and 1-butene since they are largely unfavorable
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compared to the β-scissions with the loss of C2H4. Summarizing, C−C bond cleavages
leading to 1-alkyl radicals are strongly favored compared to C−H bond rupture
processes; the higher 1-alkyl radicals (>C2) do not survive under our experimental
conditions and decay via successive C−C β-scissions (C2H4 elimination), which
dominate over C−H β-scission (alkene formation), to yield eventually the C1 to C2
hydrocarbons CH3, C2H5, and C2H4.
Hydrogen Migrations and Consecutive β-Scissions.
The second possible mechanism to form higher alkenes involves H atom shifts in 1-alkyl
radicals followed by C−C bond β-scission. We have shown45 that isomerization channels
involving 1,2- and 1,3-H atom shifts in C3H7 and C4H9 are not competitive because of
their high barriers of 157−162 kJ/mol significantly exceeding the C−C bond β-scission
barriers of ∼124 kJ/mol. On the other hand, a possibility of 1,4-H, 1,5-H, 1,6-H, and 1,7H shifts eventually opens up in higher 1-alkyl radicals beginning from C5H11 and the
corresponding typical barriers for these processes, 92−94, 64−66, 71−72, and 80
kJ/mol, respectively, are lower than those for the C−C bond β-scission. The hydrogen
shifts are followed by C−C β-scissions forming higher 1-alkenes rather than ethylene,
i.e., propene (C3H6), 1-butene (C4H8), 1-pentene (C5H10), and so on, depending on the
radical position in the alkyl. We calculated and reported product branching ratios in
dissociation of 1-alkyl radicals C5H11−C8H17 taking into account direct C−C and C−H βscissions as well as all C−C β-scissions following the H shifts in the previous work
(Chapter III)46! and demonstrated that at low pressures up to 1 atm, the products formed
after a 1,5-H shift are preferable, but at high pressures of 10 and 100 atm, the direct
C−C β-scission from 1-alkyls producing ethylene (C2H4) dominates. Nevertheless,
various alkenes can be formed from the 1-alkyl radicals with non-negligible branching
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ratios, e.g., from C5H11: C3H7 + C2H4 (direct), C2H5 + C3H6 (via 1,4-H shift and 2-pentyl);
from C6H13: C4H9 + C2H4 (direct), C3H7 + C3H6 (via 1,5-H shift and 2-hexyl), CH3 + C5H10
and C2H5 + C4H8 (both via 1,4-H shift and 3-hexyl); etc. As compared with n-decane, ndodecane has two higher 1-alkyl radicals among its primary products, 1-nonyl (C9H19)
and 1-decyl (C10H21). While one can expect that the barriers for 1,4-, 1,5-, 1,6-, and 1,7H shifts should retain their typical values in C9H19 and C10H21 and hence the
corresponding H shift/C−C β-scission channels would remain competitive, new reaction
channels may additionally open up, 1,8-H shifts both in 1-nonyl and 1-decyl and 1,9-H
shift in 1-decyl. Here, we evaluated the 1,8- and 1,9-H shift barriers in C10H21. The
calculation gave the values of 97 and 90 kJ/mol, respectively. While these barriers are
higher than those for 1,5-, 1,6-, and 1,7-H shifts, and are comparable to 1,4-H shifts,
they are still somewhat lower than the barrier for the direct C−C β-scission. Therefore,
the dissociation channels involving the 1,8- and 1,9-H shifts followed by C−C β-scissions
can give minor contributions to the overall product yield. In particular, 1-nonyl can
isomerize to 2-nonyl by 1,8-H shift and then decompose to C6H13 + C3H6. 1-Decyl can
isomerize to 2-decyl by 1,9-shift and dissociate to C7H5 + C3H6 or isomerize to 3-decyl
and decompose to either CH3 + C9H18 or C6H13 + C4H8. Summarizing, the reaction
mechanism involving hydrogen migration in C5 to C10 1-alkyl radicals preceding C−C βscission accounts for the observation of C3−C7 alkenes [propene, 1-butene, 1-pentene,
1-hexene, and 1-heptene] observed in our experiments and, in particular, for the large
branching ratios of C3H6 and C4H8 at low temperatures (and even at 1600 K for
propene). At temperatures of 1500 K and above the lifetime of a single C−C bond
approaches 1 μs and hence higher alkenes are likely to decompose on the time scale of
the experiment and their yield significantly decrease.
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Hydrogen Abstraction. The third possible pathway to the higher alkenes involves C−C
bond β-scissions in n-dodecyl radicals (n > 1; see Figure 9 and Table 6). While ndodecyls are not expected to be formed by C−H bond cleavages in n-dodecane, they
can be produced by direct hydrogen abstractions by H atoms or other radicals when
those radicals appear in the reactive system. The barrier heights and reaction
exoergicities for the H abstraction reactions by a hydrogen atom from secondary C−H
bonds are computed to be 35−36 (27−28) and 23−24 (30−31) kJ/mol; the numbers in
parentheses include HLC in the G3(CCSD,MP2) calculations. The H abstractions from
the primary C−H bonds exhibit a higher barrier and a lower reaction exoergicity of 49
(42) and 12 (19) kJ/mol, respectively. These results are close to the corresponding
values obtained in the previous work for n-decane.46 Note that, the most accurate up-todate calculations of H abstraction from C3H8 and C2H6 gave the reaction barriers and
exoergicities as 32 and 27 kJ/mol, respectively, for the secondary hydrogen abstraction
and 43−44 and 15−16 kJ/mol for the primary hydrogen abstraction.46 The calculated rate
constants for secondary H abstractions are generally higher than those for the primary
hydrogen abstraction (Figure 10b) and, among secondary H abstractions, the reaction
producing 5-dodecyl is preferred and followed by the reactions giving 5-dodecyl, then by
2- and 3-dodecyl (with similar rate constants), and finally by 4-dodecyl. The computed
rate constants to form 2- and 3-dodecyl agree best with the literature data (the most
accurate calculations for C3H846 and experimental data for C3H8, C4H10, and C5H12) for
the secondary H abstraction at 500 K but overestimate the literature data at 2500 K by
approximately a factor of 3. Alternatively, the rate constants for the production of 4dodecyl agree closely with the literature values at high temperatures. Our results
indicate that the rate constants for secondary H abstraction are sensitive to the attacked
hydrogen atom position in the alkane. It should be noted however that a more rigorous

59

anharmonic treatment of soft normal modes would be required to generate quantitatively
accurate H abstraction rate constants. For the primary hydrogen abstraction, the 𝐶12 𝐻26
+ H rate constants underestimate those for C3H8 + H by 50−60% if HLC is taken into
account; the difference is bigger if the correction is not included. Our main conclusion is
that the secondary H abstractions are feasible and form n-dodecyl radicals (n > 1). Once
the n-dodecyl radicals are produced, they can rapidly undergo C−C bond β-scission to
yield higher alkenes together with 1-alkyl radicals:
C12H25 (2-dodecyl) → C3H6 + C9H19
C12H25 (3-dodecyl) → C11H22 + CH3
→ C4H8 + C8H17
C12H25 (4-dodecyl) → C10H20 + C2H5
→

C5H10 + C7H15

C12H25 (5-dodecyl) → C9H18 + C3H7
→ C6H12 + C6H13
C12H25 (6-dodecyl) → C7H14 + C5H11
→ C8H16 + C4H9
The calculated barriers for these reactions are 123−125 kJ/mol and they are endoergic
by 88−93 kJ/mol; these energetic parameters are thus similar to those for C−C βscissions in smaller alkyl radicals considered above and in the previous work.46 The rate
constants calculated at 1 atm are close for all the reactions considered within a factor of
2 (Figure 4.2). The results indicate that the lifetime of the dodecyl varies in the 5−50 ns
range under the experimental conditions. Summarizing, n-dodecyl radicals, which may
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be produced by hydrogen abstraction, can also undergo subsequent C−C bond βscissions leading to experimentally observed alkenes: 1-butene, 1-pentene, 1-hexene,
and 1-heptene.
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Table 4.1 Compilation of Products Observed in the Experiemental Decomposition of nDodecane

Molecule

Formula Mass Structure

Hydrogen
Methyl radical
Acetylene
Ethylene
Ethyl radical
Allene
Methylacetylene

H2
CH3
C2H2
C2H4
C2H5
C3H4
C3H4

2
15
26
28
29
40
40

Allyl radical

C3H5

41

Propene

C3H6

42

1,3-Butadiene

C4H6

54

1-Butene

C4H8

56

2-Butene

C4H8

56

1-Pentene

C5H10

70

1-Hexene

C6H12

84

1-Heptene

C7H14

98
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Figure 4.1 Potential Energy Diagram for Primary and Secondary Dissociation Channels
of n-Decane.
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Figure 4.2 Calculated Rate Constants at 1 atm for Unimolecular Reactions: (a) for C-C
and C-H Bond Cleavages in C12H26 (b) for C1H26 + H Direct H Abstractions and (c) for CC Bond β-Scissions in n-Dodecyl Radicals C12H25 (n=1-6)
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Table 4.2 Calculated Barrier Heights and Reaction Energies for Various C-C Bond βScission and Direct H Abstraction Reactions
Reactions
C11H23 → C9H19 + C2H4
C10H21 → C8H17 + C2H4
C9H19 → C7H15 + C2H4
C8H17 → C6H13 + C2H4
C7H15 → C5H11 + C2H4
C6H13 → C4H9 + C2H4
C5H11 → C3H7 + C2H4
C4H9 → C2H5 + C2H4
C3H7 → CH3 + C2H4
C12H25 (1-dodecyl) → C10H21 + C2H4
C12H25 (2-dodecyl) → C9H19 + C3H6
C12H25 (3-dodecyl) → C11H22 + CH3
C12H25 (3-dodecyl) → C8H17 + C4H8
C12H25 (4-dodecyl) → C10H20 + C2H5
C12H25 (4-dodecyl) → C5H10 + C7H15
C12H25 (5-dodecyl) → C9H18 + C3H7
C12H25 (5-dodecyl) → C6H12 + C6H13
C12H25 (6-dodecyl) → C7H14 + C5H11
C12H25 (6-dodecyl) → C8H16 + C4H9
C12H26 + H → C12H25 (1-dodecyl) + H2
C12H26 + H → C12H25 (2-dodecyl) + H2
C12H26 + H → C12H25 (3-dodecyl) + H2
C12H26 + H → C12H25 (4-dodecyl) + H2
C12H26 + H → C12H25 (5-dodecyl) + H2
C12H26 + H → C12H25 (6-dodecyl) + H2

Barrier (kJ/mol)
124
123
124
124
124
124
124
123
126
124
124
125
125
123
125
125
125
125
125
49 (42)a
36 (28)a
36 (28)a
35 (28)a
35 (27)a
35 (27)a

a

Reaction energy (kJ/mol)
90
89
89
92
91
89
89
86
86
90
92
89
93
88
93
92
93
92
92
-12 (-19)a
-24 (-31)a
-23 (-30)a
-23 (-31)a
-23 (-31)a
-23 (-30)a

The values including the higher level correction (HLC) for H abstractions are given in

parenthesis.
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Figure 4.3 Proposed Reaction Mechanism for the Pyrolysis of n-Dodecane
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Figure 4.4 Summary of Reaction Mechanism Leading to Primary Products in the
Decomposition of n-Dodecane
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Chapter V
A Theoretical Study on Pyrolysis of Jet Propellant 8 Components: The Behavior of
Aliphatic and Non-Aliphatic Alkyl Rings
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Introduction:
Kerosene-based jet fuel JP-8 commonly used in airplanes consists of four main
groups of hydrocarbons, such as aliphatic ‘paraffins’ (33-61% n-alkanes and isoalkanes;
1-5% olefins), monocyclic ‘paraffins’ (10–20%), alkyl-substituted benzenes (12-22%)
including butylbenzenes, and polycyclic aromatic hydrocarbons (PAHs) (10–20%), as
well as of some additives at the sub percent level: fuel system icing inhibitors, corrosion
inhibitors, and static dissipaters.1-11 The underlying elementary chemical steps involved
in the oxidation of hydrocarbon fuels such as kerosenes are still not completely
understood because the current chemical models are unable to account for the
complexity of real systems either in form of multifaceted mixtures of chemicals (as in JP8) or the complexity of the molecular structure of the hydrocarbon itself (as in the
synthetic JP-10 fuel). Considering the molecular complexity, Troe1 and others2-5
concluded that understanding has to commence with the knowledge of the elementary
reaction mechanisms of the decomposition of the fuel component itself along with the
oxidation of the fragments formed in these processes both experimentally and
computationally on the most elementary, fundamental level. Such understanding can be
achieved by using experiments and theory to decouple the pyrolysis of the fuel from the
oxidation of relatively small individual hydrocarbon fragments and their radicals formed
as a result of the pyrolysis. Following sophisticated chemical models, Wang et al.1-3
provided compelling evidence that the pyrolysis of hydrocarbon fuels such as JP-8 and
JP-10 requires a few 10 µs such as around 20 µs for the decomposition of dodecane.
Since the oxidation of the hydrocarbon fragments occurs at time scales of typically a few
100 µs and the ignition engages at normally close to 1000 µs, the pyrolysis stage can be
decoupled from the oxidation chemistry of the hydrocarbon fragments and their radicals.
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It is therefore critical to determine which particular fragments and in what proportions are
formed at the pyrolysis stage from various significant fuel components.
The development of reliable chemical kinetic models requires accurate input
parameters and an intimate understanding of the very first processes, which initiate bond
rupture processes in JP-8 components, provide a pool of radicals, and control the
autoignition, under realistic, combustion relevant physical conditions.10,16,1-3 The
unimolecular decomposition, or pyrolysis, of these components lead to smaller
hydrocarbon molecules and reactive transient species, among them aliphatic radicals,
resonantly stabilized free radicals, and aromatic radicals, which initiate and drive the
complex chemistry in the combustion of JP-8 jet fuel. Thus, the initial decomposition
chemistry delivers the building blocks for the oxidation of JP-8 jet fuel. In our recent
works, we began systematic experimental and theoretical studies of the initial (nascent)
products of the pyrolysis of the JP-8 fuel components and probed the pyrolysis of
prototype JP-8 aliphatic ingredients: n-decane C10H221 and n-dodecane C12H26.2 The
pyrolysis was explored in a high temperature chemical reactor allowing us to probe the
decomposition of a hydrocarbon molecule under combustion-like temperatures up to
1600 K. The nascent product distribution was probed on line and in situ in a supersonic
molecular beam utilizing soft photoionization with single photon vacuum ultraviolet (VUV)
photons followed by a mass spectroscopic analysis of the ions in a reflectron time-offlight mass spectrometer (Re-TOF), which allowed us to detect not only stable fragments
but also radicals and thermally labile closed shell species,25,2-10 which usually remain
undetected if other experimental techniques are employed. The residence time in the
reactor was limited to a few tens microseconds and hence we probed the nascent
reaction products excluding successive higher-order reactions of the initially formed
fragments, which may lead to molecular mass growth processes. The molecular beam
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experiments were combined with electronic structure and theoretical kinetics calculations
and this synergistic approach elucidated the nature of the products, their branching
ratios, and reaction mechanisms involved in the decomposition of n-decane and ndodecane over a broad range of combustion relevant temperatures and pressures. The
theoretical calculations allowed us to account for all pyrolysis products observed
experimentally and showed that, under the conditions in the chemical reactor, the
primary and fast secondary decomposition reactions (mostly involving C-C and C-H
bond -scissions in the primary radical fragments) need to be considered to explain the
nascent product distribution.
The present theoretical work continues this systematic investigation and addresses
the prototype representatives of the second largest group of JP-8 components – alkylsubstituted benzenes, in particular, three different isomers of butylbenzene, C10H14,
normal (n-butylbenzene), 1-sec (s-butylbenzene), and tert (t-butylbenzene). Among
available experimental studies of the decomposition mechanism of these molecules,
Yahagi explored the pyrolysis of t-butylbenzene in the presence of hydrogen gas at
temperatures up to 923 K. He was able to detect only closed shell reaction products
including benzene, toluene, methane, propene, propane, ethylene, and ethane and
inferred a free-radical chain mechanism. Early pyrolysis experiments on n-butylbenzene
followed by chromatographic detection of aromatic hydrocarbons also proposed radicalinitiated chain reactions. The involvement of radical transient species likewise gained
support from Leigh et al.’s study in which the authors explored the pyrolysis of nbutylbenzene and detected ethylene proposing a radical chain mechanism initiated by
the dissociation of n-butylbenzene into benzyl and propyl radicals, C6H5CH2CH2CH2CH3
→ C6H5CH2 + CH2CH2CH3, followed by decomposition of propyl radicals to ethane and
the methyl radical, CH3CH2CH2 → CH3 + C2H4. Further, Tsang27 studied the pyrolysis of
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t-butylbenzene suggesting the existence of C4H9 and C6H5 transient radicals. Troe and
co-workers exploited flash photolysis followed by UV-VIS spectroscopy to elucidate the
formation of the methyl radical plus the 2-phenyl-prop-2-yl radical in the thermally
activated decomposition of t-butylbenzene at temperature ranging from 885 K to 1700 K.
The effect of the molecular structure of the butyl chain (n- versus t-) in the pyrolysis of
butylbenzenes was also investigated by Ma et al.40 and Peng et al.41 proposing the initial
formation of phenyl (C6H5) plus t-butyl (t-C4H9) and benzyl (C6H5CH2) and propyl radicals
(C3H7), respectively. Peng et al. also probed off line and ex situ the formation of higher
molecular weight products such as naphthalene, biphenyl, methylbiphenyl, fluorene, and
phenylnaphthalene. While all these studies provided important data for the development
of kinetic models for butylbenzene pyrolysis, the observed products included not only the
nascent but also higher-order products. Most recently, Zhang et al. investigated the
pyrolysis of n-butylbenzene in a flow reactor, with comprehensive detection of both
reactive and stable products using synchrotron vacuum UV photoionization mass
spectrometry. They evaluated mole fractions for a variety of the observed products vs.
temperature at different pressures of 30- 760 Torr and developed a kinetic model of nbutylbenzene pyrolysis using their new data to validate the model. The authors
concluded that the benzylic C-C bond dissociation producing benzyl + propyl is the key
decomposition reaction.
While kinetic models for the pyrolysis of butylbenzenes have been developed, most
of the rate constants utilized in these models, especially those for the initial
decomposition steps, are not physics-based, i.e., they are not taken either from
experimental kinetics measurements for elementary chemical reactions or from
theoretical kinetics calculations based on ab initio potential energy surfaces (PES).
These rate constants are either approximately evaluated from analogous reactions,
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estimated from empirical rate rules, or simply guessed and adjusted to achieve the best
fit of the measured concentration profiles for various species produced in the pyrolysis.
Theoretically, to our best knowledge, the reaction mechanism, rate constants, and
product branching ratios for unimolecular decomposition of butylbenzene isomers have
never been studied. In fact, high-level reliable theoretical data on the structure and
energetics of these molecules computed by ab initio or density functional methods are
sparse owing to a relatively large molecular size. Most of theoretical works found in the
literature address relative stability of different conformers. Several combined
theoretical/experimental studies devoted to the conformational stability and the
molecular shape, rotational constants, and ionization energies of n- and t-butylbenzenes
have been reported.44-48 In terms of thermochemical properties, density functional
calculations have been performed to evaluate the enthalpy of formation and C-C bond
dissociation energies for t-butylbenzene along with n-decane and n-dodecane.49
Theoretical studies of the reaction mechanism and kinetics have been limited to a study
of cyclization pathways for the butylbenzene radical50 employing rather low-level DFT
calculations. The goal of the present work is to bridge the existing knowledge gap: to
unravel the pyrolysis mechanism of butylbenzenes using accurate and reliable
calculated PESs, to generate physics-based rate constants for the critical reaction steps,
which can be utilized in improved kinetic models, to predict the most important nascent
pyrolysis products, and to compare them with the available experimental data.

Methods:
Geometries of the n-, s-, and t- isomers of butylbenzene C10H14, their primary and
secondary decomposition products, and transition states for secondary decomposition
reactions on the C10H13 PES via C-C and C-H bond -scissions have been optimized
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using the density functional B3LYP method51.52 with the 6-311G(d,p) basis set.
Vibrational frequencies of all stationary structures were computed at the same B3LYP/6311G(d,p) level of theory. Relative energies were refined by single-point calculations
using B3LYP/6-311G(d,p) optimized geometries at the G3(CCSD,MP2) level of theory, 5355

which included B3LYP/6-311G(d,p) zero-point vibrational energy corrections (ZPE) and

the empirical higher level corrections (HLC).54 According to the equations for HLC,
which differ for molecules and atoms, the inclusion of the HLC increases the calculated
strengths of C-H bonds by 7 kJ mol-1, but is insignificant for C-C bond cleavages, and
zero by definition for C-C bond -scissions in radicals. The G3(CCSD,MP2)//B3LYP
theoretical scheme normally provides the energetic parameters with ‘chemical accuracy’
within 3-6 kJ mol-1 for hydrocarbons in terms of average absolute deviations.54 For
secondary reactions on the C9H11 PES we used the molecular parameters and energies
calculated at a similar G3(CCSD,MP2)//B3LYP level of theory in relation to the C6H5 +
C3H6 reaction.3 One additional pathway was calculated and included here, the
decomposition of 1-phenyl-prop-3-yl radical to benzyl + C2H4, which was not considered
in the previous work. For decomposition of various primary C8H9 products, we employed
the doubly-hybrid density functional B2PLYPD3 method57-59 with Dunning’s cc-pVDZ
basis set60 where geometries of various species were optimized and vibrational
frequencies were calculated and single-point energies were refined utilizing the explicitly
correlated coupled clusters CCSD(T)-F12 approach61,62 with the cc-pVTZ-f12 basis set.
All the ab initio calculations were performed using the GAUSSIAN 0963 and MOLPRO
201063 program packages.
Rate constants for various primary and secondary reactions involved in the
pyrolysis of the butylbenzene isomers have been computed using the Rice-RamspergerKassel-Marcus Master Equation (RRKM-ME) approach by solving the one-dimensional
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master equation65 with the MESS package.66 Rate constants k(T) for individual reaction
steps were calculated within RRKM (unimolecular reactions) or transition state theory
(TST, bimolecular reactions) generally utilizing the Rigid-Rotor, Harmonic-Oscillator
(RRHO) model for the calculations of partition functions for molecular complexes and
transition states. Hindered rotor treatment for low-frequency torsional modes was
applied only to smaller C9H11 and C8H9 systems, for which such ‘soft’ normal modes
were visually examined and those representing internal rotations were considered as
hindered rotors in partition function calculations. One-, two-, and even three- (for some
C9H11 structures67) dimensional torsional potentials were calculated by scanning the PES
at the B3LYP/6-311G(d,p) level of theory. However, for butylbenzenes themselves and
C10H13 radicals, hindered rotor treatment is rather complicated because they possess up
to four hindered rotors corresponding to four different single bonds and these rotors
could be strongly coupled. For simplicity, all these convoluted rotations were treated as
harmonic oscillators. In our previous work,23 we compared the results of the RRHO
treatment with and without inclusion of hindered rotors for smaller C3H7 and C4H9
radicals and found maximal deviations in rate constants of 41% at 1000 K and 25% at
1600 K. Therefore, the initial C-C and C-H bond cleavages in butylbenzenes were
treated within RRHO keeping in mind the above mentioned error bars in rate constants.
It should be noted that absolute errors in the partition function caused by the treatment
of torsional modes as harmonic oscillators in a molecule with multiple coupled torsional
modes could be 1-2 orders of magnitude in error according to Truhlar and coworkers,68
but the errors in the rate constants observed in our calculations likely resulted from the
cancellation of errors in the partition functions of transition states (in the numerator) and
reactants (in the denominator) because in the transition states and reactants most of
torsional modes (besides one or two) are similar. For a system with a small number of
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torsional modes (ethanol), Truhlar and coworkers found the effect of more accurate
internal-coordinate multi-structural treatment to be within a factor of 1.8-3.4 as compared
to the use of harmonic oscillators; these values should be considered as an upper limit
for error bars of our pure RRHO calculations. The errors in ratios of rate constants are
expected to be smaller than the errors in their absolute values as the result of
cancelations of similar inaccuracies and hence we anticipate that relative product yields
are predicted well by our calculations.
Collisional energy transfer rates in the master equation were expressed using the
“exponential down” model,69 with the temperature dependence of the range parameter α
for the deactivating wing of the energy transfer function expressed as α(T) = α300(T/300
K)n, with n = 0.86 and α300 = 228 cm-1 obtained earlier from classical trajectories
calculations as ‘universal’ parameters for hydrocarbons in the nitrogen bath gas.4 For
RRKM-ME calculations on the C10H14 and C10H13 PESs, we used the Lennard-Jones
parameters (ε/cm−1, σ/Å) = (237, 5.02) for the n-decane/nitrogen system derived by
Jasper et al.70 using the fit of results using the “one-dimensional optimization”
method.71For the calculations on the C9H11 surface, we used the collision parameters
employed earlier in the study of the C6H5 + C3H6 system; in fact, we used the MESS
input file for this system and augmented it with the transition state and bimolecular
reactants on the additional pathways leading from benzyl + C2H4. Finally, RRKM-ME
calculations on the C8H9 surface utilized the collision parameters n = 0.61 and α300 = 375
cm-1 and (ε/cm−1, σ/Å) = (317, 4.46) derived earlier for the C6H5 + C2H2 system.72
The MESS package uses the eigenvalue approach for solving a Master Equation
and for a well-defined description of a phenomenological rate constant to exist, chemical
time scales (CSEs) must be well separated from vibrational–rotational time scales
(IEREs).73 When CSEs and IEREs overlap, the determination of the phenomenological
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rate constants is compromised and no predictions can be made for isomers that rapidly
equilibrate (merge) with other, more stable isomers or decomposition products. Merging
with decomposition products often occurs in the systems considered here at high
temperatures for closed-shell molecules and even at moderate temperatures for
radicals. In such cases we used the language throughout the paper stating that a certain
species does not survive above a certain temperature at a given pressure meaning that
the species rapidly equilibrates with its decomposition products under these conditions
but the phenomenological rate constant for the decomposition process is not welldefined.
For barrierless reactions, such as the C-C and C-H single bond cleavages in the
original butylbenzene molecules, we used phase space theory.74 The reverse rate
constants for recombination of two hydrocarbon radicals or of a radical and H were fitted
using potential parameters (pre-factor and power exponent) to reproduce the most
accurate available rate constants for the prototype CH3 + C2H5, C2H5 + C2H5, CH3 + iC3H7, C2H5 + i-C3H7, CH3 + t-C4H9, C2H5 + t-C4H9, benzyl C7H7 + H, C2H5 + H, and t-C4H9
+ H calculated earlier by Klippenstein and co-workers75-77 using variable reaction
coordinated transition state theory (VRC-TST). For each particular case of a C-C or C-H
bond cleavage in butylbenzenes, a most appropriate prototype reaction was selected on
the basis of chemical similarity and the fits to the VRC-TST rate constants were attained
with the accuracy within 1-2% in the entire 500-2500 K temperature range. Then, the
fitted parameters were used in phase space theory calculations of rate constants for the
decomposition reactions with the MESS package, which also gave results on pressure
dependence. The accuracy of the rate constants of the barrierless single bond
cleavages also relies upon the accuracy of equilibrium constants, which in turn is
determined by the accuracy of the calculated reaction energy (3-6 kJ mol-1 for the

80

G3(CCSD,MP2)//B3LYP method) and the accuracy of the molecular parameters
including rotational constants and vibrational frequencies, which is generally considered
to be adequate for the B3LYP method.
Results and Discussion:
We first consider primary decomposition pathways of n-butylbenzene illustrated
in Figure 1. There are three different C-C bond cleavages, which are favorable
energetically. Those lead to the benzyl C7H7 + propyl C3H7 products with endothermicity
of 341 kJ mol-1, 1-phenyl-prop-3-yl C9H11 + methyl CH3 (369 kJ mol-1), and C6H5C2H4 +
ethyl C2H5 (375 kJ mol-1). The cleavage of the C-C bond adjacent to the benzene ring
and forming phenyl C6H5 + 1-butyl C4H9 is much less favorable (448 kJ mol-1). Among CH bond cleavages, the most favorable one occurs from the  carbon in the side chain
producing 1-phenyl-but-1-yl with the energy loss of 369 kJ mol-1. The other H losses
from sp3 carbon atoms require higher energies of 411, 408, and 420 kJ mol-1 and
forming the corresponding 2-yl, 3-yl, and 4-yl 1-phenyl-butyl radicals, respectively. We
do not consider here ruptures of C-H bonds on the sp2 carbons of the aromatic ring,
which are unlikely to compete because their bond energies are typically much higher
such as 466 kJ mol-1 for benzene.78 Figure 2a illustrates the total rate constant for the
unimolecular decomposition of n-butylbenzene calculated at the high-pressure limit (HP)
and finite pressure of 30 Torr, 1, 10, and 100 atm. The calculated rate constants were
fitted by modified Arrhenius expressions, which are assembled in Table 2. One can
observe a fall-off behavior of the rate constants and that at finite pressures, nbutylbenzene can survive dissociation only up to a certain temperature, 1650, 1800,
2000, and 2250 K at 30 Torr, 1, 10, and 100 atm, respectively. At higher temperatures,
the lifetime of n-C10H14 becomes shorter than the time interval between collision and the
RRKM-ME rate constant is no longer well defined. In practice this means that beyond
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these temperature thresholds, n-butylbenzene would instantly equilibrate with its
bimolecular decomposition products. The fall-off behavior is manifested, for example, by
the fact that at 1500 K the rate constants calculated at 30 Torr, 1, 10, and 100 atm are
factors of 9.2, 2.3, 1.3, and 1.1 lower than the HP values and the deviation from the HP
limit further increases with temperature. According to the calculated branching ratios for
the dissociation of n-butylbenzene (see Fig. 2b and Table 3), the C7H7 + C3H7 products
are preferable at lower temperatures but, as temperature increases, the relative yield of
C6H5C2H4 + C2H5 grows faster and becomes nearly equal or higher than that of C7H7 +
C3H7. The formation of the C6H5C2H4 + C2H5 is also favored by pressure; at 2500 K and
100 atm the calculated C6H5C2H4 + C2H5/C7H7 + C3H7 branching ratio reaches 1.5. The
C9H11 + CH3 products are predicted to be minor, with the maximal branching ratio of ~6%
at the highest temperature and pressure considered. The calculated branching ratios of
all other products do not exceed 0.3%. Summarizing, primary decomposition of nbutylbenzene is predicted to predominantly produce benzyl radical + C3H7 and C8H9
(C6H5C2H4) + C2H5. At the typical combustion conditions of 1500 K and 1 atm, the
lifetime of n-butylbenzene is computed to be as short as 2.9 s. We discussed in the
previous works that C3H7 is likely to further decompose to C2H4 + CH3, whereas C2H5
dissociates to C2H4 + H.23,24 Secondary decomposition of the C8H9 and C9H11 isomers
will be considered in subsequent sections.

3.2. s-Butylbenzene
Unimolecular decomposition pathways of s-butylbenzene include C-C and C-H
bond cleavages illustrated in Figure 3. The most favorable energetically channels of C-C
bond cleavages lead to 1-phenyl-prop-1-yl C9H11 + CH3 (326 kJ mol-1) and C6H5CHCH3 +
C2H5 (328 kJ mol-1) followed by 2-phenyl-prop-3-yl C9H11 + CH3 endothermic by 371 kJ
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mol-1. The pathway leading to C6H5 + 2-butyl C4H9 is by far the least preferable, with the
reaction energy of 424 kJ mol-1. Among C-H bond cleavages, the channel in which an H
atom is eliminated from the carbon atom linked to the phenyl group has the lowest
endothermicity of 366 kJ mol-1 and forms a 2-phenyl-but-2-yl radical. The other sp3 C-H
bonds are stronger and their cleavages produce corresponding 1-yl, 3-yl, and 4-yl 2phenyl-butyl radicals with the reaction energies of 419, 408, and 419 kJ mol-1,
respectively. As seen in Figure 4a, the total rate constant for unimolecular
decomposition of s-butylbenzene behaves in a similar way as that for n-butylbenzene.
The calculations indicate that s-C10H14 can survive up to 1500, 1800, 1800, and 2000 K
at the pressures of 30 Torr, 1, 10, and 100 atm, respectively, and rapidly equilibrates
with its bimolecular products at higher temperatures. The fall-off behavior is somewhat
more pronounced than for n-C10H14; at 1500 K, the finite pressure decomposition rate
constants at 30 Torr, 1, 10, and 100 atm are factors 18.8, 3.4, 1.6, and 1.1 lower the HP
limit value, respectively. s-Butylbenzene is anticipated to be less stable than nbutylbenzene with respect to pyrolysis, as the lifetime computed at 1500 K and 1 atm is
only 0.8 s. In terms of the calculated branching ratios (Fig. 4b and Table 3),
C6H5CHCH3 + C2H5 is predicted to be the main decomposition product (83-86%) of sC10H14 followed by 1-phenyl-prop-1-yl + CH3 (14-15%), whereas 2-phenyl-prop-3-yl +
CH3 is a minor product with the relative yield normally below 1% but increasing to 1.6%
at 100 atm and 2000 K. The relative yields of all other products of C-C and C-H bond
cleavages do not exceed 0.1%. The product branching ratios appeared to be nearly
insensitive to pressure (Table 3).
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3.3. t-Butylbenzene
Taking into account a nearly free rotation of the phenyl group around the C-C
bond it is linked to the central C atom, one can consider t-butylbenzene as a C3symmetric. In addition, each methyl group possesses local C3 symmetry. As a
consequence of such a symmetric structure, only three distinct C-C and C-H bond
cleavage channels exist if we exclude unfavorable H eliminations from the aromatic ring
(Figure 5). A methyl group loss producing 2-phenyl-prop-2-yl is the least endothermic
process (318 kJ mol-1), whereas the other two channels producing C6H5 + t-butyl C4H9
and t-phenyl-isobutyl C10H13 + H require much higher energies to occur, 412 and 421 kJ
mol-1, respectively. The difference in bond strengths is reflected in the fact that 2-phenylprop-2-yl + CH3 is predicted as a nearly exclusive product of the pyrolysis of tbutylbenzene with its calculated branching ratio exceeding 99% at all considered
temperatures and pressures. Figure 6 illustrates the overall rate constant for the
unimolecular decomposition of t-C10H14, which is nearly identical to the rate constant of
the channel producing 2-phenyl-prop-2-yl + CH3. Clearly, this rate constant behaves in a
similar way to those for n- and s-butylbenzenes considered above. Because of
tertiary/benzylic C-C bond in t-butylbenzene, the rate constant is faster than the
corresponding value for n-butylbenzene but comparable with that for s-butylbenzene.
For instance, at 1500 K and 1 atm, the rate constant for the unimolecular decomposition
of t-C10H14 is 1.29106 s-1 (corresponding to the lifetime of 0.78 s) compared to
3.39105 s-1 (2.9 s) and 1.23106 s-1 (0.81 s) for n- and s-C10H14, respectively. Similar
to s-C10H14, at the pressures of 30 Torr, 1, 10, and 100 atm, t-butylbenzene can survive
up to 1500, 1800, 1800, and 2000 K, respectively, and at higher temperatures should be
considered as equilibrated with the 2-phenyl-prop-2-yl + CH3 product. The fall-off
behavior of the t-butylbenzene decomposition rate constant is also similar to that for s-

84

C10H14, as the finite pressure values at 1500 K, at 30 Torr, 1, 10, and 100 atm are factors
17.4, 3.2, 1.5, and 1.1 lower the HP limit rate constant, respectively.
Having established the predominant primary pyrolytic products of the three
different butylbenzene isomers (C7H7 + C3H7 and C6H5C2H4 + C2H5 for n-C10H14,
C6H5CHCH3 + C2H5 and 1-phenyl-prop-1-yl C9H11 + CH3 for s-C10H14, and 2-phenyl-prop2-yl C9H11 + CH3 for t-C10H14), we now move to consider secondary decomposition
channels not studied earlier in detail in the literature and, in particular, discuss
unimolecular decomposition of C8H9 and C9H11 isomers and related reactions on the
corresponding PESs. In addition, we consider decomposition of the most favorable
C10H13 products, which, though unlikely to be formed directly via unimolecular
dissociation of butylbenzenes, could be produced by H abstraction reactions by other
radicals, such as by H atoms.

3.4. Reactions on the C8H9 PES
The most favorable decomposition pathways of C6H5C2H4 (W1) and C6H5CHCH3
(W2) which are also related to the reaction of the phenyl radical C6H5 with ethylene C2H4
are illustrated in Figure 7. The C6H5C2H4 isomer can dissociate through a C-H -scission
reaction forming styrene via a barrier of 146 kJ mol-1 and a C-C -scission process via a
barrier of 162 kJ mol-1, with endothermicities of 126 and 152 kJ mol-1, respectively.
Alternatively, W1 can isomerize to W2 or W3 via 1,2-H or 1,4-H shifts overcoming lower
barriers of 138 and 123 kJ mol-1, respectively. Four-member ring closure in W1 leading
to a bicyclic structure W4 is also possible via a 133 kJ mol-1 barrier. Since W3 cannot
directly decompose to any energetically favorable product, it is most likely to isomerize
back to W1. On the other hand, W4 can dissociate to 1,2-dihydrobenzocyclobutene (1,2DHB) + H which lies 24 and 50 kJ mol-1 above the C6H5 + C2H4 and styrene + H
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bimolecular products, respectively. The most stable C6H5CHCH3 isomer W2 dissociates
to styrene + H overcoming a 187 kJ mol-1 barrier or rearranges to W1 via a 191 kJ mol-1
barrier but the isomerization of W2 to W3 via a 1,3-H shift is not competitive because of
a much higher barrier of 269 kJ mol-1.
It should be noted that the relative energies of various species calculated here at
the CCSD(T)-F12/cc-pVTZ-f12//B2PLYPD3/cc-pVDZ level of theory agree within 5 kJ
mol-1 with the results obtained by Tokmakov and Lin at the G2M level,79 with the average
absolute deviation between the two methods being 1.8 kJ mol-1. The G2M approach is
similar to G3(CCSD,MP2) employed for the C10H14 systems in the present study and the
two methods normally provide comparable accuracies. Also, our recent calculations on
the C9H10 PES in relation to the C6H5 + C3H5 reaction (to be published elsewhere) gave
the average absolute deviation between the CCSD(T)-F12/cc-pVTZ-f12 and
G3(CCSD,MP2) energies as 2.3 kJ mol-1 and the maximal deviation was about 6 kJ mol1

. Therefore, one can expect that the CCSD(T)-F12/cc-pVTZ-f12 method should improve

the accuracy of the energetics as compared to G3(CCSD,MP2) by about 2 kJ mol-1 on
average.
Rate constants for unimolecular decomposition of C6H5C2H4 and C6H5CHCH3 are
illustrated in Figures 8a and 8b. At low temperatures, W1 would mostly isomerize to W2
and W3, which gets collisionally stabilized, but the reaction is too slow. As temperature
increases, the relative yield of the bimolecular products, styrene + H and C6H5 + C2H4,
grows, while that of the stabilized intermediates decreases. As seen in Table 4, the
branching ratio of styrene + H exceeds that of W1 at the temperatures of 1125, 1375,
1650, and 1800 K if the pressure is 30 Torr, 1, 10, and 100 atm, respectively. At these
pressures, C6H5C2H4 is predicted to survive up to 1250, 1500, 1650, and 2250 K,
respectively, and at the higher temperatures it would rapidly equilibrate with the
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bimolecular products, predominantly styrene + H. The relative yield of C6H5 + C2H4 is
generally smaller but grows with temperature up to 20-24%. Similarly, W2 isomerizes to
W1 at low temperatures and predominantly dissociates to styrene + H as the
temperature increases. Here, the decomposition channel takes over at the much lower
temperature than for W1, 600 K at all considered pressures. It is predicted for W2 to be
more stable than W1 and to survive up to 1375, 1650, 1800, and 2000 K at 30 Torr, 1,
10, and 100 atm, respectively. The predominant dissociation channel of W2 is styrene +
H, with C6H5 + C2H4 contributing less than 10% even at high temperatures. At the typical
combustion conditions of 1500 K and 1 atm, the rate constants for the C6H5C2H4 →
styrene + H / C6H5 + C2H4 routes are 1.30107 and 3.96106 s-1, respectively,
corresponding to the overall lifetime of this radical with respect to the decomposition
channels of only 58 ns. At the same conditions, the rate constants for the decomposition
of C6H5CHCH3 to styrene + H and C6H5 + C2H4 respectively are 7.34106 and 3.03105
s-1 and hence the lifetime of the more stable C8H9 isomer W2 is longer, 131 ns. Clearly,
both C6H5C2H4 and C6H5CHCH3 if formed as primary pyrolysis products of
butylbenzenes, would undergo fast secondary dissociation to styrene + H and a minor
amount of C6H5 + C2H4 on a nanosecond scale under typical combustion conditions.
It is also informative to compare the present results for the C6H5 + C2H4 reaction
with the previous experimental and theoretical data. Figure 8c compares the overall rate
constant computed here with the theoretical prediction of Tokmakov and Lin79 based on
their G2M PES and experimental values of Yu and Lin80 in the low-temperature 300-500
K range and of Fahr et al.81,82 at higher temperatures of 1000-1400 K. There is a very
close match between the two sets of theoretical rate constants, which agree within 32%.
In the low-temperature range, the present calculated rate values overestimate the
experimental results by Yu and Lin by factors 1.36-2.36 but the agreement with the high-
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temperature measurements by Fahr et al. is within 10%. Figure 5.8 also shows that the
total rate constants for the C6H5 + C2H4 reaction are nearly indistinguishable at the four
finite pressures considered here and the their fall off from the HP limit values maximal at
2500 K is only a factor of 1.4. Alternatively, relative product yields in the C6H5 + C2H4
reaction are sensitive to both temperature and pressure (Figure 5.8 and Table 5.4). At
low temperatures, the stabilized C6H4C2H4 intermediate W1 is the main product but at
higher temperatures the reaction predominantly forms styrene + H. The switch in the
preference of these two products occurs around 1000, 1375, 1650, and 2050 K at the
pressures of 30 Torr, 1, 10, and 100 atm, respectively, and in the highest temperatures
intervals considered where W1 is no longer stable, styrene + H becomes practically the
exclusive reaction product.

3.5. Reactions on the C9H11 PES
For a detailed description of the C9H11 surface in relation to the C6H5 + C3H6
reaction we address the reader to our previous work.56 Kinetic calculations on this PES
were also described earlier67 but they mostly addressed bimolecular product formation in
the reaction of phenyl with propene. Here, our interest is unimolecular decomposition of
various C9H11 isomers produced as primary products of pyrolysis of butylbenzenes. We
employ the same surface and molecular parameters published earlier while considering
these decomposition reactions. However, since the 1-phenyl-prop-3-yl
(C6H5CH2CH2CH2) → benzyl + C2H4 dissociation channel was not considered in the
previous studies, it is included here. The present G3(CCSD,MP2)//B3LYP/6-311G(d,p)
calculations gave the barrier and endothermicity for this C-C -scission reaction as 95
and 58 kJ mol-1, respectively. The benzyl + C2H4 bimolecular product resides 85 kJ mol-1
below C6H5 + C3H6 and is also more thermodynamically favorable than styrene + CH3, 3-
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phenylpropene + H, trans- and cis-1-phenylpropenes + H, and 2-phenylpropene by 15,
71, 52, 60, and 53 kJ mol-1, respectively.
Calculations of the rate constants for unimolecular dissociation of 1-phenyl-prop3-yl (Figure 5.9), which can be formed in primary decomposition of n-butylbenzene,
show that this C9H11 radical predominantly decomposes to benzyl + C2H4, with the yield
of the alternative products, indane + H and 3-phenylpropene + H, not exceeding 5 and
14%, respectively. The species 1-Phenyl-prop-3-yl can survive only up to 1000, 1250,
1500, and 1800 K at 30 Torr, 1, 10, and 100 atm, respectively, and its lifetime at 1250 K
and 1 atm is evaluated to be 21 ns. Therefore, it can be safely assumed that under
typical combustion conditions 1-phenyl-prop-3-yl rapidly dissociates mostly to benzyl and
ethylene on a nanosecond scale or faster. The primary pyrolysis of s-butylbenzene can
produce two C9H11 isomers, 1-phenyl-prop-1-yl and 2-phenyl-prop-3-yl and their
unimolecular decomposition rate constants are shown in Figure 5.9. 1-Phenyl-prop-1-yl
appears to be slightly more stable than 1-phenyl-prop-3-yl as it can be collisionally
stabilized up to 1125, 1250, 1500, and 1650 K at the four pressures considered here and
its lifetime at 1250 K and 1 atm is computed as 43 ns. The predominant decomposition
product of 1-phenyl-prop-1-yl is styrene + CH3 formed by C-C -scission, whereas the
yield of trans-1-phenylpropene + H while increasing with temperature and pressure,
does not exceed 8%. 2-Phenyl-prop-3-yl (denoted as W2 in our previous work on the
kinetics of the C6H5 + C3H6 reaction67) can easily rearrange to 1-phenyl-prop-2-yl W1 by
migration of the phenyl group over the double C=C bond. The calculations show that
such isomerization with collisional stabilization of W1 is the major fate of W2, except at
high pressures and high temperatures when the styrene + CH3 and 3-phenylpropene + H
products are also formed with significant relative yields (Table 5.3). Hence, in order to
reveal the ultimate decomposition products of W2, we need to additionally consider
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unimolecular dissociation of W1 (Figure 5.9). Again, we can see that fast isomerization
of W1 to the collisionally stabilized intermediate W2 prevails at low temperatures. Above
1000 K, the preferable dissociation pathways of W1 produce styrene + CH3 and 3phenylpropene + H with comparable branching ratios, but the latter product is favored by
higher temperatures and pressures. At high temperatures, the branching ratio of the
C6H5 + C3H6 bimolecular product of W1 also becomes significant and can reach 14%
(Table 5.3). The calculated lifetime of 1-phenyl-prop-2-yl W1 with respect to its
dissociation to the bimolecular products at 1250 K and 1 atm is 43 ns, nearly the same
as that for 1-phenyl-prop-3-yl. Finally, we consider the decomposition of 2-phenyl-prop2-yl, which is the main primary product of the pyrolysis of t-butylbenzene. This C9H11
isomer nearly exclusively dissociates to 2-phenylpropene by an H atom loss from one of
the methyl groups (Fig. 5). The rate constant calculations (Fig. 5.9) show that 2-phenylprop-2-yl can survive up to higher temperatures as compared to the other C9H11 radicals
considered above, 1250, 1500, 1800, and 2000 K at 30 Torr, 1 10, and 100 atm,
respectively, and its lifetimes at 1250 K and 1500 K at the pressure of 1 atm are 97 and
43 ns, respectively.
Our RRKM-ME calculations also allow us to address the rate constant and
product branching ratios of the reaction of benzyl with ethylene (Figure 5.10). The total
rate constant shows a typical fall-off behavior (Figure 5.10) in the intermediate
temperatures ranges of 700-1125, 800-1375, 1000-1650, and 1250-2000 K at 30 Torr, 1,
10, and 100 atm, respectively. Behavior attributed to the favorable dissociation of the
initial C9H11 intermediate 1-phenyl-prop-3-yl back to the benzyl + C2H4 reactants. As a
result of the re-dissociation of the intermediate, the maximal deviations from the HP rate
constants reach factors of 20 (1125 K, 30 Torr), 11.7 (1375 K, 1 atm), 6.7 (1650 K, 10
atm), and 4.1 (2000 K, 1000 atm). Above 2000 K, all finite-pressure rate constants
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merge and their deviation from the HP values decreases. Such shape of finite-pressure
rate constants is characteristic for a reaction leading to an endothermic bimolecular
product via an exothermic intermediate and it reflects a competition between collisional
stabilization of the intermediate prevailing at low temperatures, its re-dissociation back to
the reactants, and dissociation to the products, which takes over at high temperatures. It
is also noteworthy that owing to the higher stability of the benzyl radical as compared to
phenyl, the C7H7 + C2H4 reaction proceeds via a 37 kJ mol-1 entrance barrier (Figure 5.1)
and is anticipated to be much slower than the C6H5 + C2H4 reaction. The ratio of the rate
constant of the latter and former reactions calculated at 1 atm is as high as 616 at 500 K,
but decreases to 58.5 and 5.3 at 1500 and 2500 K, respectively. As seen in Fig. 10b, at
lower temperatures the C7H7 + C2H4 reaction would mostly produce the collisionally
stabilized 1-phenyl-prop-3-yl intermediate, but at higher temperatures, 1000, 1250, 1500,
and 1800 K at 30 Torr, 1, 10, and 100 atm, respectively, when this intermediate is no
longer stable, 3-phenylpropene + H is predicted to become the predominant product,
with a minor contribution of indane + H.

3.6. Unimolecular decomposition of C10H13 radicals
Although C10H13 radicals are not anticipated to be efficiently produced via
unimolecular dissociation of butylbenzene isomers, they can be formed by direct H
abstraction such as by H atoms which become available through secondary
decomposition of the primary pyrolysis products or by other radicals present in flames.
Since the weakest C-H bond in C10H14 is most likely to be attacked in an H abstraction
reaction, here we consider secondary decomposition only for the most
thermodynamically favorable C10H13 products, 1-phenyl-but-1-yl from n-butylbenzene, 2phenyl-but-2-yl from s-butylbenzene, and t-phenyl-isobutyl from t-butylbenzene. The
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calculated rate constants are illustrated in Figure 5.11. 1-Phenyl-but-1-yl dissociates by
a C-C bond -scission to form styrene + C2H5. It should be noted that H migrations
leading to other 1-phenyl-butyl radicals were not considered here because they are not
anticipated to compete with -scission. Only 1,2-, 1,3-, and 1,4-H shifts are feasible in 1phenyl-but-1-yl, whereas our previous studies of PESs for decyl and dodecyl radicals
have shown that only 1,5-, 1,6-, and 1,7-H shifts can be competitive with a C-C bond scission process.1 The RRKM-ME calculations indicate that 1-phenyl-but-1-yl can exist
up to temperatures of 1000, 1250, 1375, and 1650 K at the pressure of 30 Torr, 1, 10,
and 100 atm, respectively, and rapidly equilibrates with the styrene + C2H5 product at
higher temperatures (Figure 5.11). At 1 atm, the calculated lifetime of 1-phenyl-but-1-yl
at 1250 K is about 36 ns; thus, under typical combustion conditions this metastable
radical would eliminate the ethyl radical and form a stable styrene molecule on a
nanosecond scale or faster. The 2-phenyl-but-2-yl radical also rapidly decomposes by a
C-C bond -scission producing 2-phenylpropene + CH3. The stability of 2-phenyl-but-2-yl
is comparable to that of 1-phenyl-but-1-yl, as it is predicted to exist up to the same
temperatures at the same pressures and the lifetime at 1 atm and 1250 K with respect to
the decomposition via -scission is 42 ns (Figure 5.11). Finally, t-phenyl-isobutyl has two
possible distinct C-C bond -scission pathways leading to 2-phenylpropene + CH3 and
phenyl + isobutyl C4H8 (Figure 5.5). The rate constant calculation show that the former
product channel is dominant (from 99.7-97.2% at 30 Torr to 99.7-80.7% at 100 atm),
with the latter channel being minor (Figure 5.11). The contribution of the phenyl +
isobutyl channel grows with temperature, especially at high pressures. t-Phenyl-isobutyl
appears to be slightly less stable than 1-phenyl-but-1-yl and 2-phenyl-but-2-yl and is
predicted to exist up to 900, 1125, 1250, and 1500 K at the four considered pressures,
respectively, and its calculated lifetime at the highest temperature it still exists at 1 atm,
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is only 39 ns. Hence, the fate of t-phenyl-isobutyl is to rapidly undergo secondary
decomposition predominantly to 2-phenylpropene + CH3.

4. Discussion and Conclusions
We are now in position to summarize nascent pyrolytic products of butylbenzene
isomers produced by primary dissociation followed by very fast secondary
decomposition. Primary dissociation of n-butylbenzene produces mostly benzyl radical
C7H7 + C3H7 and C8H9 (C6H5C2H4) + C2H5 with relative yields varying with temperature
and pressure and a minor amount of 1-phenyl-prop-3-yl + CH3. Fast secondary
decomposition reactions break C3H7 to C2H4 + CH3, C2H5 to C2H4 + H, C6H5C2H4 mostly
to styrene + H and to a less extent to C6H5 + C2H4, and 1-phenyl-prop-3-yl mostly to
benzyl + C2H4. Under the conditions where H atoms or other reactive radicals are
available, the 1-phenyl-but-1-yl radical can be also formed as a primary product, which
then rapidly dissociates to styrene + C2H5 and further to styrene + C2H4 + H. The main
fragments of the pyrolysis of n-butylbenzene should include (in the order of a decreasing
mass) styrene C8H8, benzyl C7H7, ethylene C2H4, methyl CH3, and H atoms. Agreement
is found with the results of the recent experimental study of the n-butylbenzene pyrolysis
in a flow reactor using synchrotron vacuum ultraviolet photoionization mass
spectrometry for the product detection,43 which showed styrene, benzyl, and ethylene to
be formed with highest mole fractions, along with ethylbenzene, toluene, methane, and
ethane, whereas the yield of CH3 was relatively low. According to our calculations,
ethylbenzene, toluene, methane, and ethane are not nascent products. These stable
molecules are probably produced via the recombination of benzyl with CH3, benzyl with
H, CH3 with H, and of CH3 with CH3 or C2H5 with H, respectively. Such recombination
processes would also clearly reduce the observed yield of methyl radicals. Another
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noticeable observed product, benzene, can be formed via the C6H5 + H reaction. On the
basis of their modeling results, the authors of this experimental work deduced that the
benzylic C−C bond dissociation leading to C7H7 + C3H7 was the key decomposition
reaction of n-butylbenzene under all considered conditions and H abstraction gave
increasing contributions with rising pressure. Indeed, the observed mole fraction of
styrene grows with temperature and pressure, which can be due to two factors, an
increasing primary yield of the C6H5C2H4 radical further decomposing to styrene + H and
the contribution of the H abstraction reaction forming 1-phenyl-but-1-yl rapidly
dissociating to styrene + C2H5. The kinetic modeling results showed a reasonable
qualitative agreement with the experimental mole fractions, but we expect that the use of
the rate constants generated here from high-level quantum chemical and RRKM-ME
calculations can improve the accuracy and reliability of the models and lend them a
predictive power.
Li, Dagaut and coworkers have recently published a series of works describing
experimental and kinetic modeling studies for a series of alkylbenzenes including
toluene,83.84 ethylbenzene,85 and n-propylbenzene.86 A direct comparison is not
warranted because the experiments in a jet stirred reactor occur on a longer timescale
and the kinetic modeling takes into account thousands of secondary reactions following
the primary pyrolysis process, whereas our calculations consider the nascent pyrolytic
products formed in the unimolecular primary and fast secondary decompositions.
Nevertheless, our present results are in accord with the conclusions of Li, Dagaut and
coworkers that the benzyl radical and styrene are the critical intermediates in the
pyrolysis and oxidation of alkylbenzenes (with exception that for toluene styrene is not
important) and that the benzylic C–C bond dissociation reaction is the dominant
decomposition channel (benzylic C–H bond for toluene) and, as the alkyl side chain
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elongates, the additional alkylic C–C bond cleavages also contribute, as do H
abstraction pathways at certain conditions. Li, Dagaut and coworkers have shown that
benzyl and styrene participate in a consequent growth of PAHs, such as naphthalene
and indene, and hence, similar PAH growth processes can be significant at later stages
of the butylbenzene pyrolysis.
Primary decomposition of s-butylbenzene is expected to form C8H9 (C6H5CHCH3)
+ C2H5 and a minor amount of C9H11 (1-phenyl-prop-1-yl) + CH3. C6H5CHCH3 undergoes
secondary decomposition predominantly to styrene + H, whereas 1-phenyl-prop-1-yl
rapidly dissociates to styrene + CH3. If the 2-phenyl-but-2-yl radical can be formed by
direct H abstraction, its dominant secondary dissociation channel produces 2phenylpropene C9H10 + CH3. Thus, we anticipate that the main nascent pyrolysis product
of s-butylbenzene should include styrene, ethylene (from C2H5), CH3, H, and 2phenylpropene, where the relative yield of the latter would correlate with the feasibility of
direct H abstraction from the parent molecule. The largest difference of the pyrolysis of
s-butylbenzene from that of n-butylbenzene is the absence of the nascent benzyl radical
product, which can be traced to the molecular structure; s-butylbenzene does not have a
C6H5CH2 fragment. As in n-butylbenzene, the two benzylic C-C bonds in s-butylbenzene
are weakest and their cleavage dominates the primary decomposition process.
Finally, t-butylbenzene gives 2-phenyl-prop-2-yl + CH3 as a nearly exclusive
primary product through a cleavage of one of the three equivalent C-C benzylic bonds.
Which is in agreement with the experimental results by Troe et al. who observed the
formation of 2-phenyl-prop-2-yl and methyl radicals using flash photolysis followed by
UV-VIS spectroscopy.39 However, our results do not support the suggestion by Ma et
al.40 concerning the initial formation of phenyl C6H5 + t-C4H9. Further, 2-phenyl-prop-2-yl
rapidly and also nearly exclusively forms 2-phenylpropene + H. Considering a possibility
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of a direct H abstraction from a methyl group, t-phenyl-isobutyl C10H13 can be formed
and then undergo fast secondary decomposition mostly to 2-phenylpropene + CH3 and a
minor amount of phenyl + isobutene increasing with temperature and pressure. Thus, 2phenylpropene, CH3, and H are anticipated to be the dominant nascent products of the
pyrolysis of t-butylbenzene, whereas phenyl and isobutene could be minor products
serving as tracers of the contribution of H abstraction from the parent molecule. Clearly,
the product menagerie from t-butylbenzene pyrolysis is expected to be much narrower
than for the other butylbenzene isomers. The most striking difference is the absence of
ethylene, which is the main pyrolysis product of alkanes and also gives a large
contribution in the decomposition of n- and s-butylbenzenes. Again, this difference can
be attributed to the molecular structure of t-butylbenzene, which does not feature any
CH2 groups.
Summarizing, the three butylbenzene isomers considered produce rather
different nascent pyrolysis fragments, although there is a significant overlap between nand s-butylbenzene. The presence of different fragments in distinguishable amounts can
therefore influence the oxidation mechanism of these fuel components and hence affect
the kinetics of their combustion. Pressure- and temperature-dependent rate constants
generated here for the initial stages of pyrolysis of butylbenzenes assembled in Table
5.2 are recommended for kinetic modeling.
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Table 5.1. Prototype Reactions of Recombination of Two Hydrocarbon Radicals or of a
Radical and H Used for the Fitting of Potential Parameters in Phase Space Calculations
of rate Constants of Barrierless Reactions.

Reactant

Products

Prototype Reaction Reference

n-butylbenzene

C9H11 (1-phenyl-prop-3-yl) + CH3

C2H5 + CH3

75

n-butylbenzene

C8H9 + C2H5

C2H5 + C2H5

75

n-butylbenzene

C7H7 + C3H7

C2H5 + C2H5

75

n-butylbenzene

C6H5 + C4H9 (1-yl)

C2H5 + C2H5

75

n-butylbenzene

C10H13 (1-yl) + H

C7H7 + H

77

n-butylbenzene

C10H13 (2-yl) + H

C2H5 + H

76

n-butylbenzene

C10H13 (3-yl) + H

C2H5 + H

76

n-butylbenzene

C10H13 (4-yl) + H

C2H5 + H

76

s-butylbenzene

C9H11 (2-phenyl-prop-1-yl) + CH3

C2H5 + CH3

75

s-butylbenzene

C8H9 + C2H5

i-C3H7 + C2H5

75

s-butylbenzene

C9H11 (1-phenyl-prop-1-yl) + CH3

i-C3H7 + CH3

75

s-butylbenzene

C6H5 + C4H9 (2-yl)

i-C3H7 + C2H5

75

s-butylbenzene

C10H13 (1-yl) + H

C2H5 + H

76

s-butylbenzene

C10H13 (2-yl) + H

i-C3H7 + H

75

s-butylbenzene

C10H13 (3-yl) + H

i-C3H7 + H

75

s-butylbenzene

C10H13 (4-yl) + H

C2H5 + H

76

t-butylbenzene

C9H11 (2-phenyl-prop-2-yl) + CH3

t-C4H9 + CH3

75

t-butylbenzene

C6H5 + t-C4H9

t-C4H9 + C2H5

75

t-butylbenzene

C10H13 + H

C2H5 + H

76
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Table 5.2. Rate Constants Calculated in the Present Work in the Form ATexp(-Ea/RT)
and the Temperature Range Where They are Applicable. Units are s-1 (Unimolecular
Reactions), cm3 mol-1 s-1 (Bimolecular Reactions), and cal/mol for Ea.

Reaction
n-butylbenzene → products
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
n-butylbenzene → C8H9a +
C2H5
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
n-butylbenzene → C7H7 + C3H7
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
t-butylbenzene → C9H11b + CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
s-butylbenzene → products
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
s-butylbenzene → C8H9c +
C2H5
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
s-butylbenzene → C9H11d +
CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm

α

𝐴

𝐸𝑎

𝑇 range, K

0.2819E+137
0.1514E+105
0.15814E+83
0.55489E+64

-34.472
-24.839
-18.397
-13.048

0.15131E+06
0.13586E+06
0.12380E+06
0.11285E+06

1000-1650
1000-1800
1000-2000
1000-2250

0.4541E+120
0.56452E+89
0.71658E+95
0.32344E+75

-29.747
-20.480
-21.854
-15.953

0.14297E+06
0.12839E+06
0.13808E+06
0.12606E+06

800-1650
800-1800
1000-2000
1000-2250

0.2936E+136
0.5569E+104
0.81242E+83
0.55318E+66

-34.289
-24.857
-18.768
-13.803

0.14966E+06
0.13397E+06
0.12229E+06
0.11194E+06

1000-1650
1000-1800
1000-2000
1000-2250

0.3349E+130
0.2732E+103
0.12936E+74
0.40728E+63

-32.822
-24.610
-16.037
-12.875

0.13649E+06
0.12490E+06
0.10842E+06
0.10409E+06

900-1500
900-1800
900-1800
1000-2000

0.1022E+133
0.4768E+106
0.22139E+77
0.16494E+67

-33.478
-25.477
-16.894
-13.826

0.13945E+06
0.12841E+06
0.11201E+06
0.10813E+06

900-1500
900-1800
900-1800
1000-2000

0.7368E+132
0.2680E+106
0.20675E+77
0.22675E+67

-33.459
-25.429
-16.911
-13.891

0.13935E+06
0.12821E+06
0.11195E+06
0.10817E+06

900-1500
900-1800
900-1800
1000-2000

0.5915E+132
0.2386E+106
0.85572E+76
0.71654E+66

-33.641
-25.614
-16.996
-13.939

0.14007E+06
0.12907E+06
0.11265E+06
0.10886E+06

900-1500
900-1800
900-1800
1000-2000
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C6H5 + C2H4 → products
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5 + C2H4 → C6H5C2H4e
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5 + C2H4 → C6H5CHCH3
𝑘30 Torr e
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5 + C2H4 → styrene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5C2H4 → C6H5CHCH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5C2H4 → C6H5 + C2H4
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm e
C6H5C2H4 → styrene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5CHCH3 → C6H5C2H4
𝑘30 Torr

9.4464E+05
2.0100E+06
2.3850E+06
1.2054E+06

1.8693
1.778
1.7637
1.8615

2239.3
2397.9
2465.7
2394.3

300-2500
300-2500
300-2500
300-2500

8.2987E+66
6.0680E+27
1.1171E+54
1.0473E+19
1.1757E+45
2.3841E+15
1.3233E+39
1.1015E+13

-16.65
-5.4215
-12.347
-2.448
-9.4512
-1.2167
-7.5071
0.42344

29108
7398.1
27727
5490.5
26260
4684.2
26252
4186.9

300-1250

3.4678E+98
1.3945E+93
0.13775E+72
0.14061E+82
0.32995E+73

-25.624
-12.561
-16.892
-19.331
-16.446

52593
278220
48548
63732
69092

700-1375

9881.3
0.24473E+13
14153.
0.77121E-15

-4.0434
-6.1864
-3.7364
1.7171

22708
34763
34237
25424

700-2500
700-2500
700-2500
700-2500

0.13729E+78
0.42526E+54
0.23604E+41
0.57326E+26

-19.670
-12.317
-8.2442
-3.8783

61528
53277.
48021.
40985.

700-1250
700-1500
700-1800
700-2000

0.13570E+69
0.62212E+47
0.12289E+35
0.64577E+97
0.57481E+47

-16.765
-10.064
-6.1854
-23.062
-9.9048

63658
56335.
51030.
0.11331E+06
58034.

700-1250
700-1500
700-1800
800-2250

0.28862E+57
0.21594E+35
0.16083E+25
0.29775E+18

-13.172
-6.3698
-3.3029
-1.2907

56563.
47730
43274
40057

700-1250
700-1500
700-1800
700-2250

0.87116E+79

-19.756

74462

700-1250
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300-1500
300-1800
300-2250

800-1650
900-1800
1125-2000

𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5CHCH3 → C6H5 + C2H4
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C6H5CHCH3 → styrene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
1-phenyl-prop-3-yl → C7H7 +
C2H4
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
1-phenyl-prop-1-yl → styrene +
CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
2-phenyl-prop-3-yl → 1phenyl-prop-2-yl
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
2-phenyl-prop-3-yl → styrene +
CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
2-phenyl-prop-3-yl → 3phenylpropene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm

0.37632E+56
0.81224E+51
0.45661E+34

-12.448
-10.800
-5.6827

66269.
67018.
58279.

700-1500
800-1800
800-2000

0.71658E+81
0.64321E+74
0.62466E+98
0.90966E+78

-19.817
-17.086
-23.549
-17.558

88471
95109
0.11889E+06
0.11501E+06

800-1375
800-1650
900-1800
1000-2000

0.39723E+67
0.54825E+47
0.17259E+38
0.10842E+27

-15.788
-9.6498
-6.7433
-3.4126

70609.
62984.
59099
53546

700-1350
700-1650
700-1800
700-2000

0.15181E+42
0.11961E+25
0.28783E+17
0.62196E+12

-9.1509
-3.6943
-1.3103
0.12868

33677.
28267.
25564.
23764.

500-1000
500-1250
500-1500
500-1800

0.75140E+74
0.43845E+49
0.16947E+38
0.14615E+26

-18.351
-10.417
-6.8643
-3.2006

60229.
51483.
47292.
42095.

600-1125
600-1250
600-1500
600-1650

0.12762E+44
0.38095E+22
0.21159E+19
0.29014E+15

-10.176
-3.3033
-2.2313
-1.0251

26387
19250.
18455.
17071.

500-800
500-1000
500-1375
500-1650

0.31994E+15
0.25419E+26
0.12159E+23
0.11140E+17

0.81166
-3.9024
-2.7569
0.87002

28179.
33731.
33242.
31080.

500-800
500-1000
500-1375
500-1650

0.13864E+36
0.14349E+32
0.33583E+60
0.29057E+52

-6.6219
-5.0212
-13.223
-10.680

43792.
46967.
65893.
67198.

500-800
500-1000
700-1375
800-1650
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1-phenyl-prop-2-yl → 2phenyl-prop-3-yl
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
1-phenyl-prop-2-yl → C6H5 +
C3H6
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
1-phenyl-prop-2-yl → styrene +
CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atme
𝑘100 atme

1-phenyl-prop-2-yl → 3phenylpropene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atme
2-phenyl-prop-2-yl → 3phenylpropene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C7H7 + C2H4 → products
𝑘30 Torr
𝑘1 atme
𝑘10 atme
𝑘100 atm
C7H7 + C2H4 → 1-phenyl-prop3-yl
𝑘30 Torr
𝑘1 atm

0.16346E+36
0.23712E+20
0.34657E+17
0.67814E+13

-7.7720
-2.6140
-1.6706
0.51112

25155.
20735.
20110.
18791.

500-800
500-1000
500-1375
500-1650

0.23039E+85
0.64665E+60
0.31641E+49
0.88533E+51

-21.670
-13.875
-10.287
-10.680

67957.
59910.
56360.
61805

700-1125
700-1250
700-1500
900-1800

0.52521E+80
0.15314E+53
0.15110E+59
0.13760E+46
0.31534E+51
0.36860E+16

-20.237
-11.447
-13.055
4.7394
-10.663
14.560

61759.
55588.
63048.
0.35964E+06
64204.
0.44487E+06

700-1125
700-1250
700-1500

0.17142E+81
0.84166E+58
0.35020E+49
0.44975E+127
0.10754E+67

-20.308
-13.226
-10.188
-31.498
-15.311

64300.
56888.
54496.
0.12347E+06
64197.

700-1125
700-1250
700-1500
800-1800

0.82275E+73
0.44801E+49
0.78328E+37
0.15315E+26

-17.737
-10.263
-6.6856
-3.2056

68952
59400
54392
48571

700-1250
700-1500
700-1800
700-2000

0.42341E-40
0.11413E+99
0.15521E+48
0.35603E+48
0.11245E+156
0.32724E+17

14.665
-25.294
-8.8630
-10.228
-37.117
-1.1416

-24338.
57307.
64946.
32510.
0.20054E+06
15300.

800-2500
800-2500

0.23483E+68
0.16908E+46
0.60656E+27

-16.985
-9.8538
-4.2276

33840.
27855.
20084.

800-1000
800-1250
800-1500
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800-1800

800-2500
800-2500

𝑘10 atm
𝑘100 atm
C7H7 + C2H4 → 3phenylpropene + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
C7H7 + C2H4 → indane + H
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
1-phenyl-but-1-yl → styrene +
C2H5
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
2-phenyl-but-2-yl → 2phenylpropene + CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
t-phenyl-isobutyl → 2phenylpropene + CH3
𝑘30 Torr
𝑘1 atm
𝑘10 atm
𝑘100 atm
t-phenyl-isobutyl → phenyl +
isobutene
𝑘0.03 atm
𝑘1 atm
𝑘10 atm
𝑘100 atm

0.52053E+14

0.32926

13689.

800-1800

0.13513E+11
0.68819E+20
0.36348E+34
0.32342E+36

1.0092
-1.6066
-5.2361
-5.5410

24577.
34206.
50066.
59858.

1000-2500
1000-2500
1000-2500
1250-2500

1.07908E+07
6.50858E+28
1.85809E+44
9.83814E+29

0.97799
-4.8767
-8.9065
-4.7424

8157.
30219.
50055.
47447.

1125-2500
1125-2500
1125-2500
1125-2500

0.11163E+81
0.13319E+57
0.81005E+39
0.44185E+29

-20.325
-12.713
-7.3967
-4.2512

60678.
53067.
46363.
42200.

600-1000
600-1250
600-1375
800-1650

0.11181E+82
0.15319E+59
0.52362E+41
0.37016E+37

-20.500
-13.217
-7.8218
-6.4139

63498.
56310.
49528.
49329.

600-1000
600-1250
600-1375
700-1650

0.10652E+77
0.15257E+53
0.10899E+36
0.97064E+25

-19.449
-11.783
-6.4538
-3.3583

52578.
45522.
39110.
35144.

600-900
600-1125
600-1250
600-1500

0.57120E+90
0.27287E+74
0.14084E+54
0.22147E+36

-23.742
-18.087
-11.708
-6.2632

63227.
61565.
54635.
47250.

600-900
700-1125
700-1250
700-1500

a

C6H5C2H4. b2-phenyl-prop-2-yl. cC6H5CHCH3. d1-phenyl-prop-1-yl. eIf two lines of the
parameters are given for a particular pressure, then an accurate fit (within 10%) of the
calculated rate constants can be achieved only by a sum of two modified Arrhenius
expressions.
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Table 5.3. Calculated Product Branching Ratios in the Primary Decomposition of n- and s-Butylbenzenes.

T, K

p
30 Torr

1000
1125
1250
1375
1500
1650
1800
2000
2250

C9H11a
+ CH3
1.70%
2.27%
2.70%
3.01%
3.24%
3.45%

c

1000
1125
1250
1375
1500
1650
1800
2000

C9H11
+ CH3
0.09%
0.14%
0.18%
0.22%
0.25%

C8H9b
+ C 2 H5
13.59%
18.64%
22.52%
25.36%
27.50%
29.49%

C8H9d
+ C 2 H5
86.13%
85.87%
85.67%
85.53%
85.42%

1 atm
C7H7 +
C3H7
84.70%
79.07%
74.75%
71.58%
69.21%
66.99%

C9H11a
+ CH3
1.79%
2.54%
3.20%
3.70%
4.07%
4.37%
4.60%

e

c

C9H11
+ CH3
13.77%
13.99%
14.14%
14.24%
14.32%

C9H11
+ CH3
0.12%
0.21%
0.31%
0.40%
0.48%
0.57%
0.64%

C8H9b
+ C2H5
14.40%
21.15%
27.20%
31.90%
35.33%
38.29%
40.47%

C8H9d
+ C2H5
86.03%
85.63%
85.30%
85.04%
84.84%
84.66%
84.50%

10 atm

100 atm

n-butylbenzene
C7H7 + C9H11a
C3H7
+ CH3
83.79% 1.79%
76.27% 2.59%
69.54% 3.35%
64.31% 3.99%
60.49% 4.47%
57.19% 4.89%
54.76% 5.17%
5.44%

C8H9b
+ C 2 H5
14.49%
21.61%
28.60%
34.61%
39.28%
43.30%
46.11%
48.75%

C7H7 +
C3H7
83.70%
75.76%
67.98%
61.28%
56.08%
51.58%
48.43%
45.45%

C9H11a
+ CH3
1.80%
2.60%
3.39%
4.09%
4.68%
5.21%
5.59%
5.92%
6.19%

C8H9b
+ C2H5
14.50%
21.69%
28.97%
35.64%
41.28%
46.50%
50.21%
53.55%
56.26%

C7H7 +
C3H7
83.69%
75.67%
67.57%
60.13%
53.82%
47.96%
43.76%
39.94%
36.80%

s-butylbenzene
C9H11e C9H11c
+ CH3 + CH3
13.85% 0.12%
14.16% 0.23%
14.39% 0.38%
14.55% 0.53%
14.66% 0.68%
14.76% 0.83%
14.84% 0.97%

C8H9d
+ C 2 H5
86.01%
85.56%
85.14%
84.77%
84.46%
84.16%
83.92%

C9H11e
+ CH3
13.86%
14.20%
14.48%
14.69%
14.84%
14.97%
15.07%

C9H11c
+ CH3
0.12%
0.24%
0.40%
0.61%
0.83%
1.10%
1.34%
1.62%

C8H9d
+ C2H5
86.01%
85.55%
85.08%
84.62%
84.19%
83.73%
83.34%
82.92%

C9H11e
+ CH3
13.87%
14.21%
14.50%
14.75%
14.95%
15.12%
15.24%
15.36%

a

1-phenyl-prop-3-yl. bC6H5C2H4. c2-phenyl-prop-3-yl.dC6H5CHCH3. e1-phenyl-prop-1-yl.
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Table 5.4. Calculated Product Branching Ratios of Various Reactions on the C8H9 PES.

T, K
C6H5C2H4 (W1) → products
30 Torr
W2
W3
C6H5 +
C2H4
600
33.63% 61.46% 0.51%
700
51.37% 34.94% 1.98%
800
58.32%
4.22%
900
60.74%
7.01%
1000
50.95%
8.73%
1125
38.94%
10.58%
1250
28.62%
12.12%
1375
1500
10 atm
W2
W3
C6H5 +
C2H4
600
24.44% 70.62% 0.37%
700
32.85% 57.41% 1.32%
800
39.43% 45.04% 3.07%
900
43.24% 33.48% 5.43%
1000
44.83% 24.07% 8.08%
1125
43.93% 15.76% 11.28%
1250
40.26% 10.75% 14.02%
1375
37.72%
17.68%

p

styrene
+H
4.41%
11.72%
20.62%
32.24%
40.32%
50.48%
59.26%

styrene
+H
3.19%
7.24%
12.45%
17.84%
23.01%
29.04%
34.96%
44.60%

W2
25.39%
35.96%
44.64%
49.11%
48.79%
47.85%
38.38%
29.84%
22.95%
W2
24.15%
32.06%
37.53%
40.57%
42.36%
42.15%
40.76%
38.30%

1 atm
W3
C6H5 +
C2H4
70.39% 0.39%
54.66% 1.44%
37.65% 3.46%
23.68% 6.13%
14.69% 8.82%
12.84%
14.92%
16.63%
18.01%
100 atm
W3
C6H5 +
C2H4
70.10% 0.37%
57.17% 1.29%
45.58% 2.93%
35.98% 5.10%
28.72% 7.62%
21.27% 10.63%
15.90% 13.36%
12.12% 15.71%
111

styrene
+H
3.31%
7.94%
14.25%
21.08%
27.70%
39.32%
46.70%
53.53%
59.04%
styrene
+H
3.15%
7.06%
11.84%
16.65%
21.29%
25.95%
29.99%
33.86%

1500
30.70%
19.31% 49.98%
1650
23.61%
20.88% 55.50%
1800
2000
2250
C6H5CHCH3 (W2) → products
30 Torr
W1
C6H5 + styrene
W1
C2H4
+H
700 41.20% 0.07% 58.70% 41.79%
800 36.92% 0.30% 62.73% 39.03%
900 32.38% 0.76% 66.86% 37.05%
1000 27.55% 1.40% 71.05% 34.86%
1125 22.52% 2.20% 75.28% 31.46%
1250 19.30% 2.81% 77.90% 27.68%
1375
6.54% 93.46% 24.56%
1500
22.42%
1650
1800
2000
C6H5 + C2H4 → products
30 Torr
W1
W2
styrene
W1
+H
300
99.99% 0.00% 0.00% 100.00%
400
99.93% 0.03% 0.01% 100.00%
500
99.64% 0.24% 0.07% 99.98%
600
98.12% 1.24% 0.57% 99.89%

34.83%
29.85%
26.26%
19.94%

1 atm
C6H5 +
C2H4
0.00%
0.03%
0.14%
0.40%
1.02%
1.80%
2.52%
3.07%
10.12%

1 atm
W2
0.00%
0.00%
0.01%
0.06%

9.55%

styrene
+H
58.19%
60.90%
62.76%
64.65%
67.53%
70.52%
72.91%
74.50%
89.88%

styrene
+H
0.00%
0.00%
0.00%
0.02%
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17.69%
19.64%
22.66%
24.09%
18.86%

37.92%
42.93%
51.04%
55.94%
81.10%

41.84%
39.24%
37.78%
36.75%
35.37%
33.38%
31.05%
28.61%
26.30%
24.79%

10 atm
C 6 H5 +
C 2 H4
0.00%
0.00%
0.02%
0.07%
0.27%
0.70%
1.31%
1.96%
2.63%
3.11%

W1

10 atm
W2

100.00%
100.00%
100.00%
99.99%

0.00%
0.00%
0.00%
0.01%

W1

styrene
+H
58.16%
60.75%
62.18%
63.12%
64.26%
65.78%
67.64%
69.42%
71.07%
72.10%

styrene
+H
0.00%
0.00%
0.00%
0.00%

41.84%
39.27%
37.89%
37.13%
36.58%
36.09%
35.35%
34.18%
32.39%
30.86%
29.06%

100 atm
C6H5 +
C2H4
0.00%
0.00%
0.00%
0.01%
0.04%
0.13%
0.34%
0.68%
1.23%
1.79%
2.39%

W1

100 atm
W2

100.00%
100.00%
100.00%
100.00%

0.00%
0.00%
0.00%
0.00%

W1

styrene
+H
58.16%
60.73%
62.10%
62.85%
63.35%
63.71%
64.20%
64.97%
66.16%
67.35%
68.55%

styrene
+H
0.00%
0.00%
0.00%
0.00%

700
800
900
1000
1125
1250
1375
1500
1650
1800
2000
2250
2500

92.69% 4.17% 3.05%
80.21% 8.86% 10.78%
61.35% 12.49% 26.16%
40.94% 12.32% 46.74%
21.14% 8.18% 70.67%
9.71% 4.15% 86.13%
3.07% 96.62%
99.97%
99.96%
99.94%
99.91%
99.87%
99.82%

99.51%
98.18%
94.49%
86.76%
71.43%
52.41%
34.80%
21.28%

0.28%
1.02%
2.77%
5.52%
8.68%
9.20%
7.37%
4.98%
5.99%

0.14%
0.68%
2.55%
7.41%
19.88%
38.39%
57.82%
73.72%
92.66%
99.94%
99.91%
99.87%
99.82%
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99.94%
99.76%
99.22%
97.77%
93.43%
84.98%
73.40%
59.13%
42.16%
27.82%

0.03%
0.12%
0.40%
1.09%
2.82%
5.14%
6.84%
7.13%
6.05%
4.42%

0.01%
0.07%
0.28%
0.95%
3.41%
9.31%
19.75%
33.73%
51.76%
67.71%
99.91%
99.87%
99.82%

99.99%
99.97%
99.91%
99.73%
99.09%
97.50%
94.26%
88.84%
79.42%
68.94%
52.26%
30.92%

0.00%
0.01%
0.04%
0.13%
0.42%
1.09%
2.22%
3.58%
4.89%
5.43%
5.03%

0.00%
0.01%
0.03%
0.10%
0.38%
1.19%
3.13%
6.97%
14.70%
25.61%
42.66%
68.97%
99.82%

Table 5.5 Calculated product branching ratios of various reactions on the C9H11 PES.

T, K
1-phenyl-prop-3-yl (W4) → products
30 Torr
3-phenyl indane C7H7 + 3-phenyl
propene
C2H4
propene
800
0.09%
4.69% 88.76% 0.17%
900
0.16%
4.80% 95.04% 0.42%
1000
0.24%
4.28% 95.47% 0.79%
1125
1.31%
1250
1.87%
1375
1500
1650
1800
1-phenyl-prop-1-yl (W7) → products
30 Torr
1 atm
styrene trans-1- styrene trans-1+ CH3
phenyl
+ CH3 phenyl
propene
propene
800
98.47% 1.53% 98.12% 1.88%
900
98.15% 1.85% 97.51% 2.48%
1000
97.89% 2.11% 96.97% 3.01%
1125
97.62% 2.37% 96.44% 3.54%
1375
96.01% 3.97%
1500
1650

p
1 atm
indane
2.27%
2.61%
3.34%
2.87%
2.56%

C7H7 + 3-phenyl
C2H4
propene
80.69% 0.18%
88.77% 0.49%
95.85% 1.02%
95.80% 2.01%
95.53% 3.30%
4.62%
5.96%

10 atm
styrene trans-1+ CH3
phenyl
propene
98.05% 1.94%
97.31% 2.68%
96.56% 3.42%
95.72% 4.25%
95.03% 4.93%
94.46% 5.49%
93.99% 5.95%
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10 atm
indane
0.69%
1.17%
1.50%
1.66%
2.22%
1.97%
1.80%

100 atm
styrene trans-1+ CH3
phenyl
propene
98.04% 1.95%
97.26% 2.73%
96.42% 3.56%
95.36% 4.60%
94.36% 5.58%
93.49% 6.44%
92.75% 7.16%

C7H7 + 3-phenyl
C2H4
propene
74.41% 0.18%
83.45% 0.48%
88.75% 1.06%
91.68% 2.23%
94.40% 3.93%
93.30% 6.04%
92.11% 8.52%
11.34%
14.11%

100 atm
indane
0.10%
0.25%
0.45%
0.71%
0.89%
0.97%
1.59%
1.41%
1.27%

C7H7 +
C2H4
72.23%
80.12%
85.17%
88.64%
89.78%
89.36%
89.63%
86.94%
84.34%

1800
2-phenyl-prop-3-yl (W2) → products
30 Torr
W1
styrene
3+ CH3 phenyl
propene
500
99.99% 0.01%
0.00%
600
99.94% 0.05%
0.00%
700
99.66% 0.27%
0.05%
800
98.36% 1.14%
0.36%
900
1000
1125
1250
1375
1500
1650
1-phenyl-prop-2-yl (W1) → products
30 Torr
W2
C6H5 + styrene
C3H6
+ CH3
500
600
700
800
900

100.00%
99.94%
99.40%
97.10%

0.00%
0.00%
0.02%
0.12%
4.77%

W1

1 atm
styrene
+ CH3

99.99%
99.92%
99.57%
98.47%
95.73%
90.37%

0.01%
0.08%
0.40%
1.32%
3.29%
6.59%

3W2
phenyl
propene
0.00%
0.00% 100.00%
0.05%
0.01% 99.98%
0.42%
0.14% 99.79%
1.85%
0.78% 98.71%
60.57% 28.94% 95.18%

3phenyl
propene
0.00%
0.00%
0.01%
0.11%
0.59%
1.98%

92.01%

7.89%

W1

10 atm
styrene
+ CH3

99.99%
99.92%
99.54%
98.35%
95.53%
90.23%
79.74%
66.77%
54.31%

1 atm
C6H5 + styrene
C3H6
+ CH3
0.00%
0.00%
0.02%
0.10%
0.42%
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0.00%
0.00%
0.06%
0.43%
1.64%

3phenyl
propene
0.01%
0.00%
0.08%
0.00%
0.43%
0.00%
1.53%
0.02%
3.99%
0.14%
8.18%
0.63%
15.48% 2.30%
23.49% 5.03%
30.68% 7.90%

3phenyl
propene
0.00%
0.01%
0.12%
0.67%
2.44%

W1

100 atm
styrene
+ CH3

99.99%
99.92%
99.54%
98.33%
95.46%
90.15%
79.68%
66.27%
52.54%
40.70%
29.99%

0.01%
0.08%
0.44%
1.57%
4.18%
8.84%
17.44%
27.49%
36.76%
44.05%
50.19%

3phenyl
propene
0.00%
0.00%
0.00%
0.00%
0.02%
0.10%
0.48%
1.44%
2.94%
4.51%
5.96%

1000
1125
1250

5.52%
6.25%

W2

56.83%
53.42%

31.68%
34.15%

87.97%

10 atm
C6H5 + styrene
C3H6
+ CH3

500 100.00% 0.00%
600 99.98% 0.00%
700 99.84% 0.02%
800 99.05% 0.10%
900 96.33% 0.44%
1000 89.80% 1.29%
1125 75.81% 3.22%
1250 59.96% 5.56%
1375 47.00% 7.63%
1500
12.25%
1650
1800
C7H7 + C2H4 → products
30 Torr
W4
3phenyl
propene
500
99.80% 0.00%
600
99.49% 0.00%
700
98.79% 0.05%
800
97.14% 0.29%

1.14%
3.97%
8.71% 43.21%
9.55% 39.97%
100 atm
C6H5 + styrene
C3H6
+ CH3

3W2
phenyl
propene
0.00%
0.00% 100.00% 0.00%
0.00%
0.01% 99.98% 0.00%
0.01%
0.13% 99.84% 0.02%
0.07%
0.71% 99.10% 0.10%
0.33%
2.64% 96.54% 0.45%
1.10%
7.09% 90.25% 1.35%
2.85% 16.43% 75.58% 3.60%
4.65% 27.07% 57.02% 6.59%
5.70% 36.06% 40.92% 9.30%
31.04% 49.31% 29.70% 11.28%
21.38% 12.84%
13.96%

indane

W4

1 atm
3-phenyl
propene

0.03%
0.22%
0.87%
2.33%

99.98%
99.94%
99.84%
99.65%

0.00%
0.00%
0.00%
0.04%

indane

0.00%
0.00%
0.03%
0.14%
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0.00%
0.00%
0.00%
0.01%
0.04%
0.15%
0.52%
1.11%
1.67%
1.99%
2.06%
31.52%

6.10%
41.29%
43.55%
3phenyl
propene
0.00%
0.01%
0.13%
0.72%
2.72%
7.56%
18.63%
32.41%
44.22%
52.47%
58.72%
47.40%

10 atm
W4
3phenyl
propene
100.00% 0.00%
99.99% 0.00%
99.97% 0.00%
99.93% 0.01%

indane

W4

0.00%
0.00%
0.00%
0.01%

100.00%
100.00%
100.00%
99.99%

100 atm
3phenyl
propene
0.00%
0.00%
0.00%
0.00%

indane

0.00%
0.00%
0.00%
0.00%

900
1000
1125
1250
1375
1500
1650
1800
2000
2250
2500

93.68%
85.66%

1.34%
4.96%
49.81%
67.17%
78.48%
85.32%
90.07%
92.77%
94.78%
96.07%
96.75%

4.96%
9.29%
49.37%
31.78%
20.33%
13.39%
8.57%
5.81%
3.74%
2.38%
1.64%

99.20%
98.29%
94.85%
86.79%

0.22%
0.86%
3.30%
9.84%
78.52%
85.34%
90.08%
92.77%
94.78%
96.07%
96.75%

0.40%
0.83%
1.78%
3.19%
20.28%
13.37%
8.56%
5.81%
3.74%
2.38%
1.64%
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99.84%
99.62%
98.87%
97.00%
92.70%
84.79%

0.03%
0.16%
0.74%
2.44%
6.29%
13.59%
90.13%
92.80%
94.79%
96.07%
96.75%

0.03%
0.10%
0.26%
0.50%
0.89%
1.38%
8.50%
5.78%
3.73%
2.37%
1.64%

99.97%
99.94%
99.81%
99.46%
98.59%
96.86%
92.68%
85.63%

0.00%
0.02%
0.10%
0.39%
1.19%
2.89%
6.85%
13.59%
94.83%
96.09%
96.75%

0.00%
0.00%
0.02%
0.05%
0.11%
0.17%
0.32%
0.49%
3.68%
2.35%
1.63%

Figure 5.1 Potential Energy Diagram for the Primary and Most Favorable Secondary
Decomposition Channels of n-Butylbenzene.
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Figure 5.2 Total (a) and Individual Channel (b) Rate Constants for Primary
Decomposition of n-Butylbenzene. Dotted, Solid, Dashed, and Dot-Dashed Curves
Show Values Calculated at the Pressures of 30 Torr, 1, 10, and 100 atm, Respectively.
The Bold Curve on Panel (a) Shows the HP Limit Total Rate Constant.
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Figure 5.3 Potential Energy Diagram for the Primary and Most Favorable Secondary
Decomposition Channels of s-Butylbenzene.
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Figure 5.4 Total (a) and Individual Channel (b) Rate Constants for Primary
Decomposition of s-Butylbenzene. Dotted, Solid, Dashed, and Dot-Dashed Curves Show
Values Calculated at the Pressures of 30 Torr, 1, 10, and 100 atm, Respectively. The
Bold Curve on Panel (a) Shows the HP Limit Total Rate Constant.
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Figure 5.5 Potential Energy Diagram for the Primary and Most Favorable Secondary
Decomposition Channels of t-Butylbenzene. All Relative Energies With Respect to the
Parent Molecule are Given in kJ mol-1.
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Figure 5.6 Total Rate Constant for Primary Decomposition of t-Butylbenzene, Which
Nearly Exclusively Produces 2-Phenyl-Prop-2-yl + CH3. Dotted, Solid, Dashed, and DotDashed Curves Show Values Calculated at the Pressures of 30 Torr, 1, 10, and 100
atm, Respectively. The Bold Curve Shows the HP Limit Total Rate Constant.
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Figure 5.7 Potential Energy Diagram for Unimolecular Decomposition of the C6H5C2H4
(W1) and C6H5CHCH3 (W2) Isomers of C8H9 and the C6H5 + C2H4 Reaction. All Relative
Energies with Respect to C6H5CHCH3 are Given in kJ mol-1.
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Figure 5.8 Rate Constants for Various Reactions Involving the C8H9 PES: (a)
Isomerization and Unimolecular Decomposition of C6H5C2H4; (b) Isomerization and
Unimolecular Decomposition of C6H5CHCH3; (c) Total Rate Constant for the C6H5 + C2H4
Reaction in Comparison with the Literature Values from Tokmakov and Lin, Yu and Lin,
and Fahr et al. (d) Individual Rate Constants for the Stabilization of C6H5C2H4 (W1) and
the Formation of Styrene + H in the C6H5 + C2H4 Reaction. Dotted, Solid, Dashed, and
Dot-Dashed Curves Show Values Calculated at the Pressures of 30 Torr, 1, 10, and 100
atm, Respectively. The Bold Curve on Panel (c) Shows the HP Limit Total Rate
Constant.
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Figure 5.9 Rate Constants for Isomerization and Decomposition of Various C9H11 Isomers: (a) 1-Phenyl-Prop-3-yl → Benzyl C7H7
+ C2H4; (b) 1-Phenyl-Prop-1-yl → Styrene C8H8 + CH3; (c) Isomerization of 2-Phenyl-Prop-3-yl (W2) to 1-Phenyl-Prop-2-yl (W1)
and Dissociation of W2 to Styrene + CH3; (d) Isomerization of 1-Phenyl-Prop-2-yl (W1) to 2-Phenyl-Prop-3-yl (W2) and
Dissociation of W1 to Styrene + CH3 and 3-Phenylpropene + H; (e) 2-Phenyl-Prop-2-yl → 2-Phenylpropene + H. Dotted, Solid,
Dashed, and Dot-Dashed Curves Show Values Calculated at the Pressures of 30 Torr, 1, 10, and 100 atm, Respectively.
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Figure 5.10 Total (a) and Individual Channel (b) Rate Constants for the Benzyl C7H7 +
C2H4 Reaction. Dotted, Solid, Dashed, and Dot-Dashed Curves Show Values Calculated
at the Pressures of 30 Torr, 1, 10, and 100 atm, Respectively. The Bold Curve on Panel
(a) Shows the HP Limit Total Rate Constant.
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Figure 5.11 Rate Constants for Unimolecular Decomposition of Various C10H13 Radicals:
(a) 1-Phenyl-But-1-yl; (b); 2-Phenyl-But-2-yl; (c) t-Phenyl-Isobutyl. Dotted, Solid,
Dashed, and Dot-Dashed Curves Show Values Calculated at the Pressures of 30 Torr,
1, 10, and 100 atm, Respectively.
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Chapter VI
A Combined Experimental Vacuum Ultraviolet Photoionization and Theoretical Study on
High-Temperature Decomposition of JP-10 (exo-Tetrahydrodicyclopentadiene)
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Introduction:
Tricyclo[5.2.1.02,6]decane

(exo-tetrahydrodicyclopentadiene;

exoTCD;

Fig.

7.1

represents a single component hydrocarbon fuel and is the principal constituent of Jet
Propellant-10 (JP-10; C10H16) as exploited in detonation engines, missiles, and
supersonic combustion ramjets. With attractive properties such as high thermal stability,
high-energy density, low freezing point, and high energy storage, JP-10 attracts
extensive attention1–39 triggering extensive experimental, theoretical, and modeling
investigations to examine the features of oxidative and thermal decomposition
mechanisms (Table 7.1). Green et al. presented shock tube experiments combined with
kinetic modeling efforts on the pyrolysis and combustion of JP-10.5 The experiments
were performed at 6–8 atm using 2000 ppm of JP-10 over a temperature range of 1000–
1600 K for pyrolysis and oxidation equivalence ratios from 0.14 to 1.0. Gas
chromatography-mass spectrometry coupled with electron impact ionization (GC-MS-EI)
was utilized to identify and quantify the products. They observed that JP-10 decomposed
primarily to ethylene (C2H4), propene (C3H6), cyclopentadiene (C5H6), and aromatics
such as benzene (C6H6) and toluene (C7H8), along with trace components like 1,2divinylcyclohexane (C10H16) butadiene (C4H6), and 1,3-cyclohexadiene (C6H8). Anderson
et al. utilized a small flow tube reactor to investigate the decomposition of JP-10 over the
temperature range up to 1700 K on the millisecond time scale.6 Chemical ionization and
electron impact ionization mass spectrometry were utilized to identify the products. They
observed that cyclopentadiene (C5H6), benzene (C6H6), methylacetylene (C3H4), and
C4Hx were the principal products in the initial decomposition. At higher temperatures,
major products were identified as benzene (C6H6), acetylene (C2H2), and ethylene
(C2H4). Reyniers et al. performed JP-10 pyrolysis in a continuous flow tubular reactor
near atmospheric pressure in the temperature range of 930–1080 K at 1.7 bar, with
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residence times to be 2.1–9.35 ms.7 They concluded that polycyclic aromatic
hydrocarbon (PAH) formation started from cyclopentadiene (C5H6); successive reactions
resulted in the formation of naphthalene (C10H8), indene (C9H8), and substituted
derivatives of bicyclic aromatic compounds. Marquaire et al. performed atmospheric
thermal decomposition of JP-10 in a jet-stirred reactor at temperatures from 848 to 933
K with residence times between 500 and 6000 ms.8 They observed eleven products.
Major products were hydrogen (H2), ethylene (C2H4), propene (C3H6), cyclopentadiene
(C5H6), benzene (C6H6), and toluene (C7H8). Rao and Kunzru investigated the product
distribution and kinetics of thermal cracking of JP-10 in an annular tubular reactor at
atmospheric pressure, in the temperature range of 903–968 K with residence times of
680–6400 ms.9 The major products were methane (CH4), ethylene (C2H4), propene
(C3H6), cyclopentene (C5H8), cyclopentadiene (C5H6), benzene (C6H6), and toluene
(C7H8); rate constants for thermal cracking of JP-10 were determined by non-linear
regression analysis to follow 2.4 1013T1.1 exp(30815.5/T), respectively. Striebich and
Lawrence explored JP-10 pyrolysis with a high-temperature and pressure flow reactor.10
The experiment was carried out in the temperature range from 373 K to 873 K at a
pressure over 25 atm and residence times between 1 and 5 seconds. This study
suggested that the JP-10 pyrolysis products included alkanes, alkenes, cycloalkenes,
cyclopentadiene (C5H6), and alkylbenzenes. Wohlwend et al. experimentally examined
the thermal decomposition behavior of high-energy density hydrocarbons under
condensed-phase high-temperature conditions from 473 K to 923 K.11 The pressure was
kept at 34 atm with the residence time of 1800 ms at 473 K. They tested several fuels
and concluded that JP-10 degradation led to the formation of small amounts of benzene
(C6H6) and toluene (C7H8). Fang et al. studied the thermal cracking of JP-10 in a batch
reactor under various pressures.12 The temperature ranged from 823 K to 903 K and the
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pressure range comprised 1–30 bar. They quantitatively determined the products with
GC and GC/MS revealing that with an increase of the pressure, the relative content of
ethylene (C2H4) or propene (C3H6) decreased while those of methane (CH4), ethane
(C2H6), and propane (C3H8) increased simultaneously. They also found that liquid
products including cyclopentane (C5H10), cyclopentene (C5H8), cyclopentadiene (C5H6),
and cis-bicyclo[3.3.0]oct-2-ene (C8H12) were the major components. Substituted
cyclopentene, benzene (C6H6), toluene (C7H8), and naphthalene (C10H8) were observed
at high pressures and temperatures. Later, this group also performed an experimental
and kinetic modeling study on the atmospheric pyrolysis of JP-10, iso-octane and JP10/iso-octane in a stainless-steel tubular reactor at temperatures from 883 K to 963 K.13
They concluded that the reaction pathway analyses show that the hydrogen abstraction
reactions account for more than 80% of the decomposition of JP-10. Bruno et al. studied
high-pressure JP-10 thermal decomposition in the temperature range from 623 to 698
K.14 Fifteen products were observed and the decomposition reaction rate constants were
determined. Kim et al. performed an experimental and molecular modeling investigation
on the thermal stability and the primary initiation mechanism of JP-10 in a batch-type
reactor.15 JP-10 was initially decomposed at a temperature of 623 K in their study. 1Cyclopentylcyclopentene

(C10H16)

and

4-methyl-2,3,4,5,6,7-hexahydro1H-indene

(C10H16) were the primary decomposition products of JP-10, and C10 hydrocarbons were
determined to be the major products. Recently, Liu et al. presented an experimental and
kinetic modeling study on JP-10 pyrolysis at low pressure (40 mbar) in the temperature
range from 900 K to 1600 K in a flow tube reactor, with synchrotron vacuum ultraviolet
photoionization mass spectrometry (SVUV-PIMS) as the diagnostic method.16 Under
their experimental conditions, JP-10 was initially and completely decomposed at 970 K
and 1600 K, respectively. Approximately 28 species were identified and quantified in
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their study, including some major closed-shell molecules and radicals such as molecular
hydrogen (H2), methyl (CH3), methane (CH4), acetylene (C2H2), ethylene (C2H4), ethyl
(C2H5), propargyl (C3H3), allene (C3H4), methylacetylene (C3H4), allyl (C3H5), propene
(C3H6), vinylacetylene (C4H4), 1,3-butadiene (C4H6), 1-butene (C4H8), cyclopentadienyl
(C5H5) and cyclopentadiene (C5H6). Besides these experimental investigations,
computational chemistry was also exploited to unravel the decomposition mechanism of
JP-10. Herbinet et al. carried out a kinetic modeling study on JP-10 pyrolysis.8 They
constructed a comprehensive kinetic mechanism with the EXGAS program (used for
performing an automatic generation of mechanisms) and the Thergas program (used to
calculate thermodynamic data). The kinetic parameters were taken from literature data
and estimated from density function theory (DFT) calculations in the case of reactions
involving cyclic compounds and diradicals. Reyniers et al.17 developed a detailed kinetic
model of JP-10 pyrolysis and refined these data based on rate constant calculations
using ab initio calculations. Their model predictions agreed well with five independent
experimental data sets for JP-10 pyrolysis that cover a wide range of operating
conditions without any adjustment of the model parameters eventually updating rate
coefficients of the tricyclodecyl radical decomposition reactions via a CBS-QB3
calculation. This study revealed further that the decomposition pathways of JP-10 are
mainly initiated via hydrogen abstraction, and only to a minor amount via biradicals
generated through carbon–carbon bond rupture processes. Yue et al.18 exploited DFT
calculations to compute barrier heights of plausible decomposition pathways of multiple
diradicals formed by carbon–carbon bond scission processes of JP-10. Based on the
calculations, they proposed possible pathways for diradicals obtained via homolytic C–C
bond cleavages of JP-10; this project concluded that those diradicals resemble the
intermediates of the final products. To elucidate the initial decomposition mechanism,
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Chenoweth et al.19 carried out molecular dynamic simulations using a reactive force
field. This work reported that the decomposition is initiated by carbon–carbon bond
scission leading to ethylene (C2H2) plus C8 hydrocarbons or to two C5 hydrocarbons
such as 1,4-pentadiene (C5H8) and cyclopentene (C5H8). Subsequently, Magoon et al.20
investigated the barrier heights of ring opening processes and intramolecular
disproportionation reactions to understand the pyrolysis mechanism of JP-10. Their
results provided evidence that the barriers to the disproportionation reactions may be
much lower (by up to 32 kJ mol ) than previously thought in the case of intramolecular
disproportionation in a key JP-10 decomposition pathway. Bozzelli et al. used density
functional theory and the G3MP2B3 (a modified version of the G3MP2 method where
the geometries and zero-point vibration energies are taken from B3LYP/6-31G(d)
calculations) and CBS-QB3 composite computational methods to evaluate the standard
enthalpy of formation of the parent JP-10 molecule and the different tricyclodecyl
(C10H15) radicals corresponding to loss of a hydrogen atom from the carbon sites. 21 They
calculated the enthalpy of formation for JP-10 to be 82 kJ mol-1. Later, they also
determined the carbon–carbon bond dissociation energies in JP-10 corresponding to
diradical and carbene formation using density functional theory (DFT), and composite
methods in conjunction with a series of isodesmic reactions are employed to increase
the accuracy in their work.22 They calculated that the C–C bond dissociation energies
(BDEs) range from 324 to 354 kJ mol-1 for JP-10 singlet diradical intermediates; C–H
BDEs for the parent carbon sites were found to range from 389 to 422 kJ mol-1; and a
wider range for C–C BDEs of carbenes from about 322 to 418 kJ mol-1 was revealed.
Zehe et al.23 studied the thermochemistry of JP-10 employing a variety of quantum
chemistry methods, including the Gaussian Gx and Gx(MPx) (including G2, G2(MP2),
G3, G3(MP2), G3(MP2)//B3LYP) composite methods, as well as the CBS-QB3 method,
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and a variety of isodesmic and homodesmotic reaction schemes, suggesting a heat of
formation of 126.4 kJ mol-1at 298.15 K. However, the summary of the previous studies
suggests that an understanding of the unimolecular decomposition of JP-10 (Table 7.1)
is incomplete both from the experimental and theoretical viewpoints. Whereas these
investigations yielded valuable information on the formation of closed-shell hydrocarbon
intermediates and products, these species were mainly analyzed off-line and ex situ
(GC-MS); however, GC-MS cannot sample radical transient species or thermally labile
closed-shell molecules. Recently, Liu et al. presented an experimental and kinetic
modeling study on JP-10 pyrolysis with SVUVPIMS as the diagnostic method and
detected some unstable intermediates.16 But with a relatively long residence time, some
information for unstable products was still missing. Therefore, the ‘molecular inventory’
might have been altered since its formation, crucial reaction intermediates cannot be
sampled, and detailed information on the reaction mechanisms – the role of radicals and
intermediates – cannot always be obtained, but are at best inferred indirectly and
qualitatively. Further, excessive pressures facilitate consecutive reactions of the initial
decomposition products as evident from the formation of bicyclic PAHs such as
naphthalene (C10H8) effectively excluding the elucidation of the initial decomposition
products of JP-10. A novel approach requires probing the open- and closed-shell
products online and in situ without changing the initial ‘molecular inventory’ from the
decomposition and exploiting versatile, non-spectroscopic detection systems so that the
complete product spectrum can be sampled quantitatively. These studies will be
combined with electronic structure calculations to yield a unified picture on the
temperature and pressure dependent decomposition mechanisms of JP-10. The present
investigation represents the combined experimental and theoretical studies to probe the
pyrolysis and initial decomposition products of JP-10 (C10H16). In this work, the pyrolysis
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experiments were explored in two complementary high temperature reactors, in which
the decomposition of JP-10 can be probed systematically at combustion-like
temperatures. The nascent product distribution – including radicals and thermally labile
closed-shell species – are probed on-line and in situ in a supersonic molecular beam
exploiting soft photoionization with single photon VUV light followed by a mass
spectroscopic analysis of the ions in a Re-TOF. Two sets of experiments with different
residence times of a few 10 ms and of 100 ms were carried out. By limiting the residence
time in the reactor to a few tens of microseconds in the first experiment, we aim to probe
the initial reaction products excluding successive (higher order) reactions of the initially
formed species, which may lead to molecular mass growth processes. By performing a
second set of experiments with a much longer residence time at the level of at least 100
ms, we aim to explore interesting phenomena and conclusions on molecular growth and
of the stability/decomposition of the initial radical fragments formed in the decomposition
of JP-10. Finally, by carrying out molecular beam experiments and combining these
studies with electronic structure calculations, we elucidate data on the products, their
branching ratios, and reaction mechanisms involved in the decomposition of JP-10 over
a broad range of combustion relevant temperatures and pressures.
Methods:
A detailed computational study of the complete mechanism of JP-10 pyrolysis is very
tricky considering the existence of a great variety of decomposition pathways, extreme
complexity of the C10H16 potential energy surface (PES) with a large number of possible
isomers and transition states, and the presence of multiple primary products, which in
turn can undergo secondary decomposition reactions. Therefore, our strategy here is
first to identify favorable reaction channels, which may lead to the formation of the most
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abundant dissociation products observed experimentally. Once such channels are
identified, the corresponding regions of the PES are studied in more detail in order to
characterize them quantitatively and to generate the energetic and molecular
parameters to be used in calculations of rate constants and product branching ratios.
Here, the decomposition of a JP-10 molecule can be initiated by a C–C bond cleavage
leading to biradical intermediates or by a hydrogen atom loss or abstraction of atomic
hydrogen by radicals leading to radical C10H15 isomers. A recent theoretical analysis of
the reaction pathways by Vandewiele et al. has provided evidence that biradical
pathways are not expected to play a major role as their overall contribution to the total
product yield does not exceed 19%.7 This result can be attributed to the fact that
although C–C bonds in JP-10 are weaker than C–H bonds, additional processes, such
as a -scission-type rupture of another C–C bond or a hydrogen shift followed by a C–C
bond cleavage, are required for the initial fragmentation to complete; this results in a
higher overall barrier than for a C–H bond cleavage producing a radical fragment in one
step. Hence, here we focus on the decomposition pathways of the C10H15 radicals R1 to
R6 formed by cleavages of various C–H bonds in JP-10. As demonstrated in the present
work, these channels occur predominantly via -scission leading to ring opening and/or
dissociation but may also involve hydrogen migrations and ‘reverse -scissions’, i.e. ring
closures for which a reverse process is a -scission. Geometries of various local minima
structures and transition states on the C10H15 PES and on the PESs corresponding to
decomposition fragments were optimized using the hybrid DFT B3LYP75,76 method with
the 6-311G** basis set and the same method was applied to calculate vibrational
frequencies and zero-point energy (ZPE) corrections. All transition states were tested by
animating the motions corresponding to imaginary modes, and in cases where the
connectivity of a transition state was not obvious, intrinsic reaction coordinate (IRC)
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calculations were performed. To refine single-point energies of the optimized structures
we applied a modified G3(MP2,CC)//B3LYP composite scheme where the energies were
computed as E0[G3(MP2,CC)] = E[RCCSD(T)/6-311G**] + EMP2 + E(ZPE), where EMP2
= E[MP2/G3large] – E[MP2/6-311G**] is a basis set correction and E(ZPE) is the zeropoint energy. T1 diagnostics were checked during coupled cluster calculations to ensure
that wave functions do not possess any multireference character. The described
calculation scheme represents a modification of the original G3 method; hereafter, we
denote this approach as G3 for brevity. Relative energies computed within this scheme
are expected to be accurate within 10 kJ mol-1. All calculations were performed using
Gaussian 09 and MOLPRO 2010 program packages.
Results and Discussion:
Initial C–H bond cleavages
Fig. 6.2 illustrates the energetics of various C–H bond cleavages in JP-10 to form the
C10H15 radicals R1–R6. Based on these energetics, the C–H bond cleavages leading to
R1, R4, R5, and R6 are clearly preferable, as they are computed to be endoergic by
397–406 kJ mol-1 as compared to 423 and 437 kJ mol-1for the cleavages leading to R3
and R2, respectively. Therefore, hereafter we only consider decomposition processes of
the R1 and R4–R6 radicals. All possible initial C–C bond b-scission processes in these
radicals are compiled in Fig. 6.3 These radicals undergo ring opening in the initial
tricyclic carbon skeleton of JP-10, but do not lead to a one-step fragmentation. For
instance, R1 can isomerize to the radical intermediates R1-1, R1-2, and R1-3 via
barriers of 150, 106, and 122 kJ mol1 , respectively; R1-1, R1-2, and R1-3 lie 40–52 kJ
mol1 higher in energy than R1. R4 exhibits five possible C–C -scission channels with
barriers ranging from 108 to 146 kJ mol-1, and the resulting R4-1–R4-5 intermediates
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reside 34–73 kJ mol-1above R4. R5 can undergo three possible b-scissions via barriers
of 97–140 kJ mol-1forming R5-1, R5-2, and R5-3 lying 56–131 kJ mol-1higher in energy
than R5. Finally, R6 features only one distinct b-scission pathway producing R6-1 (72 kJ
mol-1above R6) over a 141 kJ mol-1barrier. The intermediates accessed after the first scission can further isomerize or dissociate giving a variety of JP-10 pyrolysis products.
Potential energy diagrams of the dissociation channels including secondary and
consequent dissociations of primary products are presented in figures below.
The R1 radical
Let us begin with pathways initiated from R1-1. A C–C bond -scission in a fivemembered ring of R1-1 leads to the intermediate R1-1_i1 over a 118 kJ mol-1barrier (169
kJ mol-1relative to R1). Yet another -scission breaks the remaining five membered ring
and produces an open-chain C10H15 intermediate R1-1_i2 via a barrier of a similar
height. Next, R1-1_i2 features a third b-scission step and dissociates to C4H6 (1,3butadiene) + C6H9 (R1-1_p1). The last step is rate-determining for the entire pathway
from R1 and the corresponding transition state (TS) lies 274 kJ mol-1above the initial
reactant. The R1-1_p1 product can in principle further dissociate by b-scission to
ethylene (C2H4) plus C4H5 but the barrier for ethylene loss by b-scission is as high as
157 kJ mol-1and therefore, a reverse b-scission, i.e., a sixmembered ring closure to R11_p2 (a cyclohexenyl radical; C6H9) featuring a barrier of only 45 kJ mol-1should be more
favorable. Next, cyclohexenyl can lose a hydrogen atom and produce 1,3cyclohexadiene (C6H8), but this requires overcoming of a significant barrier of 193 kJ
mol-1. Alternatively, if the R1-1_p2 product is thermalized in the reactor, it may attach a
hydrogen atom via a barrierless and highly exothermic reaction to form cyclohexene
(C6H10). The R1-1_p1 product can also be formed Fig. 7.11 –check the figure number!
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JP-10 via an alternative pathway involving b-scission of the bond common for the two
five-membered rings in R1-1 leading to an eight-membered ring intermediate R1-1_i3.
The latter ring opens to the chain structure R1-1_i4, another conformer of R1-1_i2, and
then a -scission process splits C4H6 and forms R1-1_p1. However, the critical transition
state for C4H6 loss on this pathway is higher in energy and resides 331 kJ mol-1above
R1. There are other two -scission reactions in R1-1_i3, vinyl radical (C2H3) elimination
to R1-1_p4 and ring opening to a branched intermediate R1-1_i5, but both exhibit higher
barriers. R1-1_p4 is 1,4-cyclooctadiene (C8H12) and it may serve as a precursor for
1,3,5-cyclooctatriene (C8H10) observed experimentally in minor amounts. R1-1_i5 can
eliminate the terminal ethylene moiety by -scission forming a branched C8H11 product
R1-1_p5, the fate of which can be threefold. In the most favorable path, R1-1_p5 ring
closes to a six-membered ring structure R1-1_p6 overcoming a barrier of only 36 kJ mol1

and the latter can decompose to either 1,4-cyclohexadiene plus vinyl or to 2,5-

dihydrostyrene, a precursor of the experimentally observed trace styrene product.
Higher-energy and hence much less likely decomposition pathways of R1-1_p5 include
terminal acetylene (C2H2) elimination forming a branched C6H9 structure R1-1_p10,
which in turn can fragment to vinyl plus 1,3-butadiene. The most favorable fragmentation
pathway of R1-2 is straightforward (Fig. 7.5): the bond linking two five-membered rings is
cleaved by -scission leading directly to the cyclopentyl (C5H7) plus cyclopentene (C5H8)
products (R1-2_p1) via a barrier of only 168 kJ mol-1. Alternative reaction channels are
less competitive. For instance, two different -scissions in one of the five-membered
rings lead to intermediates R1-2_i1 and R1-2_i2 F via similar barriers of 195–197 kJ mol1

(relative to R1). Next, both intermediates lose ethylene to form the same C8H11 product

R1-2_p2, cyclopentene-allyl via identical barriers of 217 kJ mol-1. R1-2_p2 can lose an H
atom to form C8H10 products R1-2_p4 and R1-2_p5 via barriers of 172 and 243 kJ mol-

140

1

or, more favorably, undergo a five-membered ring opening followed by a six-membered

ring closure leading to the R1-1_p6 product discussed above, a precursor of 1,4cyclohexadiene and 2,5- dihydrostyrene. The critical transition states for the formation of
these products from R1-2_p2 are the vinyl radical and atomic hydrogen loss transition
states on the final step residing 184 and 171 kJ mol-1above R1-1_p2. Thus, if some
amount of cyclopentene-allyl is produced from R1-2, it is likely to further decompose to
the C8H10 isomers R1-2_p4 and R1-1_p7 or to 1,4-cyclohexadiene plus vinyl. The
dissociation mechanism of R1-3 is illustrated in Fig. 6.6. Here it appears that favorable
reaction channels involve not only -scissions but also hydrogen atom migrations. For
instance, a 1,2-H shift in R1-3 creating an out-of-ring CH3 group in the R1-3_i1
intermediate proceeds with a barrier of 199 kJ mol-1relative to R1. Next, R1-3_i1
rearranges to R1-3_i2 by another 1,2-H shift along the six-membered ring via a transition
state residing 193 kJ mol-1above R1. The primary fragmentation is then completed by bscission leading to elimination of the methyl group producing a dihydroindane molecule
C9H12

(R1-3_p1).

In

secondary

fragmentation

channels,

dehydrogenation

of

dihydroindane may lead to indane (C9H10) and eventually to indene (C9H8), both of which
were observed in experiments as trace products at high temperatures. Alternatively,
following a first hydrogen atom loss from dihydroindane, the reaction may proceed by
various -scissions in C9H11 radicals ultimately resulting in a number of six- and fivemembered ring and chain products. Alternatively, to the hydrogen atom migration/CH3
loss pathway, R1-3 can feature two different -scission processes, both breaking the sixmembered ring. The first process leads to the intermediate R1-3_i3 via a barrier located
164 kJ mol-1above R1 and then the remaining five-membered ring opens producing a
chain R1-3_i4 structure, a conformer of R1-1_i2 and R1-1_i4. Next R1-3_i4 eliminates
trans-1,3-butadiene producing an open chain C6H7 structure R1-3_p2, which is a
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different conformation of R1-1_p1. Similar to R1-1_p1, R1-3_p2 can ring close and then
either eliminate an H atom to form 1,3-cyclohexadiene or add a hydrogen to Fig. 1
produce cyclohexene. The highest in energy TS on the pathway to C6H7 occurs at the
last C4H6 loss step and resides 274 kJ mol-1above R1. The second -scission pathway
from R3-1 is slightly less favorable. It begins from the formation of R1-3_i5, which next
features additional -scissions making either an open R1-3_i6 or a branched R1-3_i7
intermediate. Both of them eliminate ethylene giving rise to the same C8H11 product R13_p3, which can further dissociate to hexatriene plus vinyl or, more favorably, undergo a
five-membered ring closure to R1-3_p7 and only then decompose to cyclopentadiene
plus an allyl radical. In another channel, R1-3_i5 can dissociate to cyclopentene plus
1,4-pentadien-5-yl, C5H7, and the latter can further fragment to allyl (C3H5) plus
acetylene (C2H2), or to serve as a precursor of 1,3-pentadiene observed experimentally.
Summarizing various decomposition channels of R1, R1 - R1-2 - cyclopentene plus
cyclopentyl is clearly favored as it features the highest in energy transition at 168 kJ mol1

above R1. This is followed by R1 - R1-3 - R1-3_i1 - R1-3_i2 - R1-3_p1 (dihydroindane

plus methyl) (199 kJ mol-1), and then by R1 - R1-1 - R1-1_i1 - R1-1_i2 - R1-1_p1 (C6H7 +
C4H6) (274 kJ mol-1), R1 - R1-3 - R1-3_i3 - R1-3_i4 - R1-3_p2 (C6H7 + C4H6) (274 kJ mol1

), and R1 - R1-3 - R1-3_i5 - R1-3_p8 (cyclopentene + 1,4-pentadien-5-yl) (274 kJ mol-

1

). Therefore, dissociation of R1 can largely contribute to the yield of the major five-

membered ring products (cyclopentene, cyclopentadiene, cyclopentadienyl) and also
provides six-membered rings (cyclohexadienes, cyclohexene, styrene), bicyclic products
(indane, indene), as well as smaller molecules and radicals (1,3-butadiene, allyl,
ethylene, vinyl radical, acetylene, methyl radical).
The R4 radical
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Next, we consider dissociation of R4 via R4-1 and R4-2 (Fig. 6.7). Two -scissions in R4
breaking a five-membered ring give similar isomers R4-1 and R4-2, both of which have a
common bicyclo core. R4-1 has two side chains, CH2 and CH2CH2, attached to this core,
whereas R4-2 has only one CH2CH2CH2 side chain. R4-1 and R4-2 fragment by scission eliminating ethylene and forming the same C8H11 product R4-1_p1 in which the
bicyclo core is maintained. The decomposition channel R4 - R4-1 (R4-2) - C8H11 plus
C2H4 has a critical barrier of 157 (167) kJ mol-1relative to R4. The primary R4-1_p1
product can further undergo secondary decomposition. The preferable step in the
beginning is -scission breaking the bicyclo core and producing a six-membered ring
with two out-of-ring CH2 groups (R4-1_p2) occurring via a barrier of 148 kJ mol-1. Then it
appears that a multi-step Fig. 6.1 process involving a series of 1,2-H shifts is more
energetically favorable than another -scission in R4-1_p2 followed by fragmentation.
The hydrogen migration sequence, R4-1_p2 - R4-1_p3 - R4-1_p4 - R4-1_p5 - R4-1_p6,
has the highest barrier of 212 kJ mol-1relative to the initial C8H11 radical R4-1_p1. The
alternative -scission sequence R4-1_p2 - R4-1_p11 - C6H7 (R4-1_p12) plus C2H4
features a much higher barrier of 301 kJ mol-1relative to R4-1_p1. The C8H11
intermediate R4-1_p6 can lose a hydrogen forming o-xylene or be subjected to two
additional 1,2-H shifts, R4-1_p6 - R4-1_p7 - R4-1_p8, and then eliminate a methyl group
and form toluene. Here, the R4-1_p7 and R4-1_p8 intermediates can also dissociate to
o-xylene plus hydrogen. If some amount of the R4-1_p12 (C6H7) product is formed, it
can either dissociate to a C4H5 radical and acetylene via a barrier of 163 kJ mol-1or more
likely feature a five-membered ring closure to R4-1_p13 via a barrier of only 48 kJ mol-1.
The C6H7 radical R4-1_p13 is a well-known precursor of fulvene and benzene. Whereas
the dissociation of R4-1_p13 predominantly produces fulvene, hydrogen atom-assisted
isomerization of fulvene to benzene is fast under combustion conditions. Among other
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products, the C4H5 radical formed here can serve as a precursor of both vinylacetylene
and 1,2,3-butatriene observed in the present experiments at high temperature.
Decomposition of the R4-3 intermediate can account for the prompt formation of the
ethyl (C2H5) radical, which shows the highest branching ratio of all products at the lowest
ALS experimental temperature of 1200 K. As seen in Fig. 6.8, a 1,4-H shift to the
terminal CH2 group of the side chain in R4-3 requires a relatively low barrier of 70 kJ
mol-1 (144 kJ mol-1with respect to R4) and leads to the R4-3_i1 intermediate. A scission in the latter forms the C8H10 (R4-3_p1) plus ethyl radical products after
overcoming a barrier lying 154 kJ mol-1higher in energy than R4. Alternatively, ethylene
elimination from R4-3 proceeds via a barrier of 103 kJ mol-1 (177 kJ mol-1with respect to
R4) and forms a C8H11 product R4-3_p2. Secondary decomposition of R4-3_p2 should
be rather facile as it proceeds by two consecutive -scissions (five-membered ring
opening followed by ethylene elimination) via the highest barrier of 130 kJ mol-1relative
to the C8H11 reactant R4-3_p2. This decomposition produces C6H7, R4-1_p13, a
precursor of fulvene and benzene. Secondary decomposition of the closed-shell C8H10
product R4-3_p1 requires further investigation, but it is probable that after activation of
R4-3_p1 by a C–H bond cleavage, a C8H9 radical would decompose to fulvene plus vinyl
also contributing to the yield of C6H6 species. The most favorable pathway of R4-4
decomposition, R4-4 - R4-4_i1 - R4-4_i2 - R4-4_p1 plus methyl, Fig. 6.5 consists of two
1,2-H shifts followed by elimination of the methyl group (Fig. 6.8). The highest barrier
along this reaction channel is 188 kJ mol-1with respect to R4. The bicyclic C6–C5 core is
conserved and the R4-4_p1 product is dihydroindane, a precursor of indane, indene, or
other fragments containing either a six- or a five-membered ring, similarly to its R1-3_p1
isomer considered above. In contrast to R4-4, R4-5 prefers to fragment via two
consecutive b-scissions, R4-5 - R4-5_i1 - R4-5_p1 plus allyl. The critical barrier on this
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pathway, 195 kJ mol-1, is slightly higher than that for the decomposition of R4-4. The R45_p1 product C7H10 is 1-vinyl-1-cyclopentene. It may serve as a precursor of the
observed trace products fulvenallene, C7H6, and fulvenallenyl, C7H5; however, a large
number of dehydrogenation steps are required to form those species. If R4-5_p1 is
activated by hydrogen atom abstraction or a C–H bond cleavage, the C7H9 radicals
produced are likely to decompose through -scissions, but a detailed mechanism
requires further investigations. In summary, the fragmentation pathways of R4 can be
ranked in terms of their kinetic favorability based on the height of the highest barrier
(given in parentheses relative to R4) as follows: (1) R4 - R4-3 - R4-3_i1 - C8H10 (R43_p1) + C2H5 (154 kJ mol-1), (2) R4 - R4-1 - C8H11 (R4-1_p1) + C2H4 (157 kJ mol-1), (3)
R4 - R4-3 - C8H11 (R4-3_p2) + C2H4 (177 kJ mol-1), (4) R4 - R4-4 - R4-4_i1 - R4-4_i2 C9H12 (R4-4_p1) + CH3 (188 kJ mol-1), and (5) R4 - R4-5 - R4-5_i1 - C7H10 (1-vinyl-1cyclopentene, R4-5_p1) + C3H5 (195 kJ mol-1). Therefore, decomposition of R4
represents a source of the methyl, ethyl, and allyl radicals, ethylene, fulvene and
benzene (via secondary decomposition of R4-3_p1 and R4-3_p2), and also provides
feasible pathways to the minor products o-xylene and toluene (via secondary
dissociation of R4-1_p1), indane and indene (from R4-4_p1), as well as fulvenallene and
fulvenallenyl (R4-5_p1).
The R5 radical
Decomposition of R5 appeared to favorably proceed via R5-1 rather than R5-2 or R5-3
and hence Fig. 6.9 shows only pathways involving R5-1. Here, R5-1 can be subjected to
two different -scissions breaking a five-membered ring via similar barriers of 193 and
200 kJ mol-1and forming the R5-1_i1 and R5-1_i2 intermediates. Both intermediates can
decompose by eliminating allyl and forming the C7H10 product 3-vinyl-1-cyclopentene
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R5-1_p1. Alternatively, R5-1_i2 can also dissociate to cyclopentyl (C5H7) plus 1,4pentadiene (R5-1_p2). The critical barriers for the product formation from R5 are found
to be in a narrow range of 217–222 kJ mol-1. An alternative pathway from R5-1_i1 to an
open-chain structure R5-1_i3 followed by ethylene elimination is unlikely to be
competitive because of a much higher critical barrier of 344 kJ mol-1with respect to R5.
Thus, decomposition of R5 is a source of the cyclic and open chain C5 (Fig. 17 check
figure number) fragments and may also contribute to the formation of the trace
fulvenallene

and

fulvenallenyl

products

through

dehydrogenation

of

3-vinyl-1-

cyclopentene R5-1_p1. Due to the higher barriers, the primary decomposition of R5 is
expected to be somewhat slower than that of R1 and R4.
The R6 radical
Two channels may compete in dissociation of R6 proceeding via R6-1 (Fig. 6.10). In the
first one, R6-1 decomposes to the bicyclic C7H10 structure R6-1_p1 plus allyl via a barrier
of 177 kJ mol-1relative to R6. In the second channel, a first -scission in R6-1 breaks a
five-membered ring and forms the R6-1_i1 intermediate and a second -scission
eliminates ethylene leading to the C8H11 product R6-1_p2, with the highest in energy
transition state lying 231 kJ mol-1above R6. The R6-1_p2 product can then easily
dissociate to cyclopentadiene (C5H6) plus allyl (C3H5) overcoming a barrier of only 87 kJ
mol-1. Since the C7H10 product R6-1_p1 was not observed in the experiments, it is likely
to undergo further fragmentation in the reactor. While a more detailed study is needed to
consider all possible decomposition pathways of R6-1_p1, here we consider only one of
them, initiated by the cleavage of one of the C–H bonds leading to the C7H9 radical R61_p4. The strength of this C–H bond (endoergicity of R6-1_p1 - R6-1_p4 + H) is
computed to be 401 kJ mol-1, very similar to the analogous C–H bond strength in JP-10,
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JP-10 → R1 + H. R6-1_p4 can decompose via two competitive mechanisms involving scissions. The R6-1_p4 - R6-1_p5 - 5-methylene-1,3-cyclohexadiene (R6-1_p6) plus
atomic hydrogen sequence involves reformation of the bicyclic structure into a sixmembered ring with an out-of-ring CH2 followed by H elimination. The highest barrier on
this reaction pathway is 136 kJ mol-1relative to the initial C7H9 radical R6-1_p4. This
channel can account for the observation of a minor 5-methylene1,3-cyclohexadiene
product. Alternatively, the R6-1_p4-R6-1_p7- C5H6 + C2H3 sequence first produces a
five-membered ring intermediate with an outer vinyl group and the intermediate then
decomposes to cyclopentadiene plus vinyl via a barrier of 155 kJ mol-1. In summary,
decomposition of R6 contributes to the production of an allyl radical, ethylene,
cyclopentadiene (both directly and via dissociation of the primary C7H10 R6-1_p1
product), as well as a vinyl radical and 5-methylene-1,3-cyclohexadiene both of which
can be formed via R6-1_p1.
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Figure 6.1 The Molecular Structure of JP-10
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Figure 6.2 Radicals Formed by C-H Bond Cleavages in JP-10.
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Figure 6.3 Energetics of Various Initial β-Scission Processes in the R1, R4, R5, and R6
Radicals.
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Figure 6.4 Potential Energy Diagram for Decomposition of R1-1. All Relative Energies
are Computed at the G3 level and are Given in kJ mol-1
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Figure 6.5 Potential Energy Diagram for Decomposition of R1-2. All Relative Energies
are Computed at the G3 Level and are Given in kJ mol-1
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Figure 6.6 Potential Energy Diagram for Decomposition of R1-3. All Relative Energies
are Computed at the G3 Level and are Given in kJ mol-1
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Figure 6.7 Potential Energy Diagram for Decomposition of R4-2. All Relative Energies
are Computed at the G3 Level and are Given in kJ mol-1
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Figure 6.8 Potential Energy Diagram for Decomposition of R4-3(Top) and R4-4 and R4-5
(Bottom). All Relative Energies are Computed at the G3 Level and are Given in kJ mol-1
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Figure 6.9 Potential Energy Diagram for Decomposition of R5-1. All Relative Energies
are Computed at the G3 Level and are Given in kJ mol-1

158

Figure 6.10 Potential Energy Diagram for Decomposition of R6 (Top) and its C7H10
Product (R6-1_p1) Activated by H Loss/Abstraction (Bottom). Energies Given in kJ mol-1
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CHAPTER VII
Reaction Mechanism of Acenaphthyl Radicals with Molecular Oxygen
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Introduction
Polycyclic aromatic hydrocarbons(PAHs) are expected to be associated with
roughly 20% of all the carbon in the universe.1 This class of compounds also contributes
highly to the formation of combustion generated particles known as soot. In
industrialized locations these PAH particles can aggregate and contribute to polluted air
quality causing diseases in the populations that live there. By investigating the
mechanisms of formation of these compounds systems for removal or prevention can be
designed leading to improvements in urban quality of life. Acenapthylene is of special
interest as a precursor to soot growth being a naphthalene molecule with an added
acetylene (C2H2) unit. This tricyclic molecule is a natural staring point to further elucidate
the mechanism of overall PAH growth and would advance previous work done by Mebel
et al. which investigated the growth of both the initial ring and second ring in soot
formation.2 An important process that competes with this growth is of oxidation reactions,
the interplay between the two effectively determines the quantity of soot that will be
produced. In order to compare the two, the information required is the mechanism,
product yields at various combustion conditions, and rate constants. The oxidation of
both the phenyl radical (C6H5) and napthyl radical (C10H7) are expected to be prototypical
for the acenapthyl radical which contains both 5- and 6- member aromatic rings.
On the analogous cyclopentadienyl oxidation surface investigated by Robinson et
al indicates the formation of a cyclopentadienyl-peroxy adduct which can dissociate into
product species C5H5O + O or undergo a hydrogen shift followed by expulsion of a
hydroxyl group leading to C5H4O + OH.3 It is expected the stability of these structures
prevents ring opening and the acenaphthyl surface while behaving similarly for the
entrance channels will diverge at the final products.
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The initial adduct that forms on the potential energy surface of the napthyl radical
is a napthylperoxy radical (C10H7O2) which can rearrange to a bicyclic dioxiranyl
species.4 This dioxiranyl species can then lead to a seven member ring becoming a 2oxepinyloxy radical or lose a terminal oxygen atom and yield a napthoxy radical plus the
oxygen atom. The decomposition of this radical is through a multistep pathway ending in
carbon dioxide elimination and the formation of indenyl. The dioxyranyl species can also
directly eliminate an oxygen atom which form van der Waal complexes based around an
O-O bond and eventually forming C10H7O. Decomposition of this radical eventually leads
to carbon monoxide loss and the formation of indenyl. In both cases of oxidation,
cyclopentadienyl and napthyl, kinetics work has shown that the major pathway involves
the direct elimination of the oxygen atom. The major focus of this work will be on this
reaction pathway in regards to the six member ring oxidation. This work seeks to
describe the most relevant reaction channels for acenapthyl oxidation and develop a
chemically accurate potential energy surface and provide insight in the most abundant
products that will form.

Methods
The hybrid density functional and level of theory used for all initial geometry
optimizations was B3LYP/6-311G**. This method was used to model all reactants,
intermediates, products, and transition states present in the reaction of molecular
oxygen with various acenaphthyl radicals of the form 1-C12H7+O2 , 2-C12H7+O2, 3C12H7+O2, and 4-C12H7+O2.(R1) Once all optimized geometries were collected, potential
energy surfaces were generated and most favorable channels chosen for rate constant
calculations. The aforementioned level of theory was also used to calculate molecular
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structure parameters, zero-point energy corrections, and vibrational frequencies.
Unscaled B3LYP frequencies were used to calculate zero point energy corrections as
well as rate constants since the scaling of B3LYP frequencies does not greatly alter
relative energies of transitions states and isomers. Structures were checked for number
of imaginary frequencies in order to identify these stationary points as either transition
states or local minima. The connections between these identified transition states and
minima were then verified by further intrinsic reaction coordinate calculations. The
coordinates of these structures is available in supporting information. Energetics of each
structure were then refined using the G3 composite method.20-23 This allowed for highlevel single-point energy calculations involving the use of Moller-Plesset second level
perturbation theory (MP2) and coupled cluster with single double and estimated triple
excitations calculations. Doing so incorporated a basis set correction as the MP2
calculations were done at basis set levels of 6-311g** and with an extended G3 large
basis set. This was done using restricted RHF-RCCSD(T) energies to specify partially
spin-adapted open-shell calculations obtained from molecular orbitals using restricted
open shell Hartree-Fock calculations were used. Diagnostic values for all coupled cluster
calculations were checked and fell into acceptable ranges. B3LYP calculations were
done using the GAUSSIAN 09 program package while RHF-RCCSD(T) and MP2
calculations were done using MOLPRO 2010.24-25 Rate constants were calculated with
the use of Rice-Ramsperger Kassel Marcus (RRKM) theory at temperatures ranging
from 500 K t o 2000 K and pressures ranging 0.01 atm to 100 atm. These rate constants
were calculated using the MESS program and also incorporated variable reaction
coordinate-transition state theory (VRC-TST) and phase space theory.26
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Results and Discussion

Initially for the reaction to the 1-acenaphthyl radical site there is barrierless
addition of O2 which forms a 1-acenaphthyl peroxy radical as shown in Figure 6.1. The
depth of this well differs only by 0.54 kcal/mol when compared at levels of theory
G3(MP2,CC)//B3LYP and B3LYP/6-311g**. The formation of 1-acenaphthyl as
compared to the other three unique radical sites comprises 10.27% of the products, a
discussion of the oxidation of this position follows. Upon formation of the peroxy radical
in the 1-acenaphthyl position there were two energertically favorable pathways. A shift of
the terminal oxygen atom to the adjacent hydrogen bearing carbon or adding on to said
carbon. The shift to the adjacent hydrogen bearing carbon contains a higher barrier at
34.2 kcal/mol versus 20.6 kcal/mol however it results in a metastable ring opening. This
ring opening leads to very deep wells, 105.7 kcal/mol, from the formation of CO and
HCO groups that can be eliminated. The elimination of the carbon monoxide group is
possible after surmounting a barrier of 22.4 kcal/mol eventually leading to the formation
of 1-naphthylmethanone after a hydrogen shift. This hydrogen shift exhibits a barrier of
13.5 kcal/mol. Another path to 1-napthylmethanone is closing of the ring followed by a
hydrogen shift in the HCO unit onto the nearest oxygen. The barrier for this reaction is
23 kcal/mol towards closing and 56.5 kcal/mol on reopening. What follows next is the
elimination of two carbon monoxide units producing 1-napthyl. The formation rate of 1napthyl will primarily be determined by the formation of i_06 due to the nature of the
barriers on the potential energy surface. Rates for both CO eliminations were
investigated. For the first CO elimination pathways C12H7+O2 → i_10/i_09, 1acenaphthyl peroxy radical → i_10/i_09 were disregarded as their contributions are so
low as to be negligible. In both pairs of reactions, bimolecular C12H7+O2 → i_01 and
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C12H7+O2 → i_06 or monomolecular i_01 → C12H7+O2 and i_01 → i_06, the rate
constants are comparable at least in some temperature range. Thus, one must take into
consideration both paths to i_06: either through stabilization in i_01 well
(C12H7+O2 → i_01 → i_06) or the direct one (C12H7+O2 → i_06) with well skipping.
Overall the mechanism for oxidation of the 1-acenapthyl position leads to two
consecutive CO eliminations and the formation of 1-napthyl.
The formation of radicals 2-acenapththyl, 3-acenapththyl, and 4-acenapththyl
constitute 89.73 % of the products formed from hydrogen abstraction. With the individual
contributions being 29.82 % for 2-acenapththyl, 33.91 % for 3-acenapththyl, and 25.99
% for 4-acenapththyl. This implies that the dominant reaction pathways will involve
oxidation of the 6-member ring and behave similarly to systems such as phenyl and
naphthyl radicals. After initial radical formation at the unique positions all surfaces there
are two possible reaction pathways. As discussed with the napthyl radical a peroxy
species or dioxyranyl species can be formed. For the purposes of this work the
dioxyranyl pathway will be ignored as it is entropically unfavored. While initially there is a
large energetic favorability due to a deep well, -95.1 kcal/mol, the pathway requires
seven individual steps which are too demanding in terms of entropy decrease. These
steps require multiple cyclizations with the formation of a 7-member ring and 4-member
ring before eventual carbon dioxide loss. The kinetically favored pathway is the
formation of a acenaphthyl peroxy species which undergoes oxygen atom elimination.
After this elimination ring shrinkage occurs reducing the 6-member ring to a 5-member
ring fused to a 3-member ring. This 3-member ring can then proceed to carbon
monoxide loss through two unique carbon-carbon bond scissions leading to C11H7.
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Figure 7.1 Potential Energy Surface for 1-Acenapthyl Oxidation
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Figure 7.2 Schematic Profile of the Potential Energy Surface for 1-Acenaphthyl
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Figure 7.3 Potential Energy Surface for 2-Acenapthyl Oxidation
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Figure 7.4 Potential Energy Surface for 3-Acenapthyl.
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Figure 7.5 Potential Energy Surface for 4-Acenaphthyl Oxidation
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Table 7.1 Acenaphthylene Hydrogen Abstraction Branching Product Ratios
Reaction
C12H8 -> (1-acenaphthyl) C12H7 + H
C12H8 -> (2-acenaphthyl) C12H7 + H
C12H8 -> (3-acenaphthyl) C12H7 + H
C12H8 -> (4-acenaphthyl) C12H7 + H

Barrier
(kcal/mol)
113.57
109.61
109.48
110.23

173

Rate Constant
(1000 K)
1.57E-14
4.54E-14
5.16E-14
3.96E-14

Branching
Product Ratio
10.27 %
29.82 %
33.91 %
25.99 %

Figure 7.6 Rate Constants for Hydrogen Abstraction of Acenapthalene

Hydrogen Abstraction of Acenapthalene
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Chapter VIII
An Experimental and Theoretical Investigation of the Formation of C7H7 Isomers
Bimolecular Reaction of Dicarbon Molecules with 1,3-Pentadiene
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in the

Introduction:
Resonantly stabilized free radicals (RSFRs) and aromatic radicals (ARs) are considered
key reaction intermediates in hydrocarbon flames and in extraterrestrial environments
classifying them as important reaction intermediates involved in the mass growth
processes and in the formations of polycyclic aromatic hydrocarbons (PAHs).1–4 Due to
this importance, the role of various C7H7 radicals – benzyl (C6H5CH2), o-, m-, p-tolyl (or
2-, 3-, and 4-tolyl) (C6H4CH3), and cycloheptatrienyl (C7H7) – have been explored
computationally and experimentally.5–7 Due to the potential key role of the benzyl radical,
which is both aromatic and resonance-stabilized, reaction pathways to distinct C7H7
isomers have been explored theoretically.6,8,9 The reaction of methylene (CH2) with the
phenyl radical (C6H5), of acetylene (C2H2) with the cyclopentadienyl radical (c-C5H5)10, of
atomic hydrogen with fulvenallene (C7H6) and/or 1-ethynyl-cyclopentadiene (C7H6)5, and
of the propargyl radical (C3H3) with vinylacetylene (C4H4) have been proposed to access
various points of the C7H7 potential energy surfaces (PESs). Alternatively, bimolecular
reactions via C7H8 complex formation followed by hydrogen atom elimination might
involve reactions of methyl (CH3) with the phenyl radical (C6H5)8 and of methylene (CH2)
with benzene (C6H6).8 Similarly, acetylene (C2H2) was predicted to react with
cyclopentadiene (C5H6) via photochemically [2+2] or thermally induced [4+2]
cycloaddition.11 However, the formation of C7H7 isomers – among them the
thermodynamically most stable benzyl (C6H5CH2) radical – via the bimolecular reaction
of ubiquitous dicarbon molecules (C2) in their electronic ground (X1g+) and/or first
excited (a3u) states with C5H8 isomers such as 1-methyl1,3-butadiene (1,3-pentadiene,
C5H8; X1A’) has never been explored. The dicarbon molecule is abundant in hydrocarbon
flames and in the interstellar medium12,13 while the 1-methyl-1,3-butadiene can be
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formally derived from 1,3-butadiene (C4H6) by replacing the hydrogen atom at the C1
carbon atom by a methyl group. 1,3-Butadiene together with its C4H6 isomers 1,2butadiene, 1-butyne, and 2-butyne is omnipresent in combustion flames such as of
ethylene14 and cyclohexane.15 Distinct C5H8 isomers, including 1,3-pentadiene, have
been probed in hydrocarbon flames such as of premixed
methane/oxygen/cyclopentene16 and ethylene/oxygen/argon systems.17 The C7H7
species have been identified explicitly via mass spectrometric detection coupled with
photoionization in premixed combustion flames of hydrogen/argon/benzene18,
hydrogen/argon/toluene18, hydrogen/argon/cyclohexane18, benzene/oxygen/argon19 and
toluene/oxygen/argon.20 Photoionization efficiency curves suggest the benzyl radical to
be the major C7H7 species. The benzyl radical is also suggested to be the major
intermediate detected in the decomposition of benzylallene21 and phenylacetic acid.22 In
combustion processes, the benzyl radicals may also form in the high temperature
thermal decomposition of mono-substituted aromatics such as toluene, ethylbenzene,
propylbenzene, and butylbenzene, which represent primary aromatic surrogates for
gasoline, diesel, and jet fuel.23 Since the C7H7 radicals can reach significant
concentrations in combustion flames due to their inherent thermodynamical stability,
understanding of their chemistry, in particular their formation and decomposition
processes as well as bimolecular reactions, is essential for the development of accurate
and predictive combustion engine models. Note that the dicarbon reactions are also
relevant for carbon-rich circumstellar environments. For example, Dhanoa and Rawlings
implicated dicarbon as a crucial building block in the synthesis of AR and RSFR;
therefore, the reaction of dicarbon with 1-methyl-1,3-butadiene may provide a
convenient pathway to synthesize C7H7 radicals in those environments.24 However, the
formation of these C7H7 radicals including the benzyl radical (C6H5CH2) via the
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bimolecular reaction of dicarbon with 1-methyl-1,3-butadiene has to be verified
experimentally and computationally. The chemical evolution of macroscopic
environments such as combustion flames and the interstellar medium can be best
understood in terms of successive bimolecular reactions.10,25–27 This understanding must
be achieved on the molecular level exploiting experiments conducted under single
collision conditions, in which the nascent reaction products fly undisturbed toward the
detector.28,29 Very recently, it has been shown that the benzyl radical can be synthesized
via reaction of dicarbon with 2-methyl-1,3-butadiene (isoprene).30 Herein, we report on
the results of the crossed molecular beams reaction of dicarbon molecules with the 1methyl-1,3-butadiene isomer accessing various collision complexes and chemically
activated reactive intermediates on the singlet and triplet C7H8 surfaces, which then
decompose to products including distinct C7H7.
Methods:
Stationary points on the singlet and triplet C7H8 PES accessed by the reaction of
dicarbon, C2(X1g+/a3u), with 1-methyl-1,3-butadiene, including intermediates, transition
states, and possible products, were optimized at the hybrid density functional B3LYP
level of theory34 with the 6-311G** basis set. Vibrational frequencies were computed
using the same B3LYP/6-311G** method and were used to obtain zero-point vibrational
energy (ZPE) corrections. Relative energies of various species were refined employing
the coupled cluster CCSD(T) method35 with Dunning’s correlation consistent cc-pVDZ
and cc-pVTZ basis sets.36 Then the total energies were extrapolated to the complete
basis set (CBS) limit using the equation Etotal(CBS) = (Etotal(VTZ) - Etotal(VDZ) x 2.533 /
3.53 )/(1 - 2.53 /3.53 ).37 For selected reaction products, we additionally carried out
CCSD(T) calculations with the larger cc-pVQZ basis set and extrapolated CCSD(T)/CBS
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total energies from the CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ
values using the following formula, Etot(x) = Etot(∞) + Be-Cx where x is the cardinal number
of the basis set (2, 3, and 4) and Etot(∞) is the CCSD(T)/CBS total energy.38 Relative
energies discussed in the paper are thus computed at the CCSD(T)/CBS//B3LYP/ 6311G** + ZPE(B3LYP/6-311G**) level of theory with two-point (dt) and three-point (dtq)
CBS extrapolations and are expected to be accurate within ±15 and ±10 kJ mol-1,
respectively. The B3LYP and CCSD(T) quantum chemical calculations were performed
using the GAUSSIAN 09 and MOLPRO 2010 program packages. Unimolecular rate
constants of reaction steps following initial addition of dicarbon to 1-methyl-1,3butadiene were computed using Rice–Ramsperger–Kassel–Marcus (RRKM) theory41, as
functions of available internal energy of each intermediate or transition state. The
internal energy was taken as a sum of the negative of relative energy of a species (the
chemical activation energy) and collision energy and one energy level was considered
throughout as for a zero pressure limit. For the reaction channels which do not exhibit
exit barriers, such as hydrogen atom and methyl eliminations from various C7H8
intermediates, we applied the microcanonical variational transition state theory42 (VTST)
and computed variational transition states, so that the individual microcanonical rate
constants were minimized along the reaction paths of the barrier-less single-bond
cleavage processes. Sums and densities of states required to compute the rate
constants were obtained within the harmonic approximation using B3LYP/6- 311G**
computed frequencies. The rate constants were then utilized to calculate product
branching ratios by solving first-order kinetic equations within steady-state
approximation.
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Results and Discussion:
The results from the electronic structure calculations propose that one or more of the
cyclic (aromatic) C7H7 isomers are formed: benzyl, o-, m-, p-tolyl, and/or
cycloheptatrienyl. The formation of solely noncyclic C7H7 isomers, which are
energetically less stable by at least 120 kJ mol-1, can be ruled out. However, we have to
concede that based on the experimental data alone, we cannot discriminate which of
these isomers – benzyl, o-, m-, p-tolyl, and/or cycloheptatrienyl – is formed. Therefore,
we have a closer look at the electronic structure calculations for guidance. On the triplet
PES (Figure 8.1), dicarbon adds to either C1 or C4 atoms of 1-methyl-1,3-butadiene
forming initial complexes ti1 and ti2 without barriers. Intermediate ti1 can decompose to
products tp1 and tp2, which are 104 and 63 kJ mol-1exoergic relative to the initial
reactants as computed at the CCSD(T)/CBS(dt) (CCSD(T)/CBS(dtq)) levels of theory.
There is no exit barrier for the hydrogen loss (tp2) whereas that for the methyl loss (tp1)
is 22 kJ mol-1. Otherwise, ti1 can isomerize to ti3 by rotation around the C2–C3 bond, to
ti5 by a four-member closure, or to ti15 by 1,3- H migration. According to our earlier
calculations for the analogous C2(a3u) + 1,3-butadiene reaction 47, the further fate of ti5
involves an opening of the four-member ring leading to a chain C7H8 intermediate and
effectively resulting in an insertion of the dicarbon into the C1–C2 bond of 1-methyl-1,3butadiene; the chain intermediate can further decompose to various chain C7H7 isomers
by hydrogen eliminations from different positions or to C6H5 by methyl loss. However,
since rate constant calculations show that the reaction flux from ti1 to ti5 is insignificant,
we do not pursue these reaction channels further. The intermediate ti2 can lose a
hydrogen atom from C4 to form tp3, undergo a trans–cis conformational change to ti4 or
a four-member ring closure to ti6. Similar to ti5, ti6 can further ring-open to a chain C7H8
structure and decompose to different acyclic products, but the reaction flux from ti2 to ti6

180

is negligible. According to the computed barrier heights and rate constants ti1 would
mostly dissociate to tp1 plus methyl or isomerize to ti3, whereas ti2 would nearly
exclusively rearrange to ti4. The intermediates ti3 and ti4 then can easily cyclize to the
six-member ring structure ti7. The further fate of the ti7 intermediate is threefold, as it
can undergo a 1,2-H shift from the C(CH3)H group in the ring to the neighboring carbon
atom to form ti9, a 1,2-H shift from the CH2 group to ti8, or a 1,3-H shift from the methyl
group to give ti17. The ti9 structure preferentially loses a hydrogen atom from the CH2
group producing m-tolyl radical with the overall reaction exoergicity of 383 kJ mol-1, but
to a lesser extent may also rearrange to the triplet toluene structure ti10. ti8 may
isomerize to ti10 too, but would preferentially dissociate to phenyl plus methyl (exoergic
by 429 (427) kJ mol-1) or o-tolyl plus hydrogen (exoergic by 384 kJ mol-1 ). A hydrogen
shift from the methyl group in ti8 to the bare ring carbon atom produces ti18. The
intermediate ti17, which can formed from ti7 and also from ti16 via the less kinetically
favorable ti1 -> ti15 -> ti16 -> ti17 and ti1 -> ti3 -> ti16 -> ti17 routes, can feature 1,2-H
migration leading to ti18 or ring opening to ti19. The ti18 intermediate decomposes to the
most thermodynamically favorable product benzyl radical exoergic by 475 (478) kJ mol1

by H elimination from the C(CH2)H group over an exit barrier. A small amount of ti10,

which can be formed in the reaction, can dissociate to o-, m-, and p-tolyl radicals, to
phenyl plus methyl, all via exit barriers, or to the benzyl radical without an exit barrier.
There also exists a pathway to the seven-member ring product, cycloheptatrienyl radical.
It begins from a conformational change ti4 -> ti11, then proceeds by 1,7-H migration
from the methyl group to the opposite end of the molecule to ti12, by seven-member ring
closure to ti13, by 1,2-H shift to ti14, and completes by the H elimination from the
remaining CH2 group to produce cycloheptatrienyl without an exit barrier and with
overall exoergicity of 408 (411) kJ mol-1. Here, ti12 can be also formed from ti17 via ti19
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by a C–C bond rotation in the latter. Table 8.1 presents product branching ratios
calculated using RRKM rate constants at collision energies of 0–50 kJ mol-1. Both initial
intermediates ti1 and ti2 are formed without barriers and the branching of the reaction
flux between the two is determined by the dynamics in the entrance channel. Therefore,
the branching ratios were computed using either ti1 or ti2 as the initial species, or
assuming equal probabilities of the dicarbon addition to the C1 and C4 atoms of 1methyl-1,3-butadiene leading to ti1 and ti2, respectively. If the reaction begins from ti1, a
large amount of tp1 is predicted to be produced by a direct CH3 loss from the initial
intermediate. The rest of significant products includes m-tolyl formed via the ti1 -> ti3 ->
ti7 -> ti9 route, cycloheptatrienyl mostly via ti1 -> ti3 -> ti7 -> ti17 -> ti19 -> ti12 -> ti13 ->
ti14, phenyl plus methyl by the ti1 -> ti3 -> ti7 -> ti8 mechanism, and benzyl via ti17 and
ti18. Alternatively, if the reaction begins with ti2, the formation of cycloheptatrienyl is
favorable due to the kinetic preference of the ti2 -> ti4 -> ti11 -> ti12 -> ti13 -> ti14
pathway, followed by benzyl, m-tolyl, and phenyl, with the paths proceeding via the
same pivotal ti7 intermediate. If both ti1 and ti2 are formed with equal probabilities in the
entrance channel, the reaction products are predicted to include a mixture of cyclic C7H7
isomers cycloheptatrienyl, m-tolyl, and benzyl (45:14:9) and the methyl loss products
phenyl (8%) and the acyclic C6H5 isomer tp1 (24%). An increase in collision energy
should result in a higher yield of tp1 and a slight growth of the yield of benzyl, whereas
the branching ratios of cycloheptatrienyl and m-tolyl decrease by 8–10% in the
considered 0–50 kJ mol-1range.
On the singlet surface, dicarbon can barrierlessly add to either C1–C2 or C3–C4 bonds
of 1-methyl-1,3-butadiene forming initial complexes si1 and si2 (Figure 8.2). Both si1 and
si2 subsequently undergo a facile insertion of the C2 unit into the C1–C2 and C3–C4
bonds leading to the chain C7H8 molecules (heptatetraenes) si3 and si4. The
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intermediate si3 can decompose by hydrogen and methyl eliminations without exit
barriers to six different acyclic products sp1–sp6 with overall exoergicities ranging from
88 (81) to 247 (239) kJ mol-1as computed at the CCSD(T)/CBS(dt) (CCSD(T)/CBS(dtq))
levels of theory with sp5 plus atomic hydrogen and sp3 plus the methyl group being
most favorable of them. si4 can also give rise to six different acyclic products sp7–sp12
exoergic by 106 (99)–235 (227) kJ mol-1, where sp11 is thermodynamically much more
favorable than the others. On the other hand, both si3 and si4 can undergo a 1,3-H shift
to form the same intermediate si5. The intermediate si5 can dissociate by cleaving the
central C–C bond to the propargyl + 3-methylpropargyl products exoergic by 239 (222)
kJ mol-1. Starting from si5, the reaction mechanism is very similar to that studied earlier
for the C2(X1g+) plus 1,3-butadiene reaction47, with the methyl group playing only a
spectator role until the toluene molecule si15 is formed. The pathways from si5 to si15
include the trans– cis conformational change si5 -> si6, followed by 1,5-H migrations (si6
-> si7 or si6 -> si8), rotations around single C–C bonds (si7 -> si9 or si8 -> si10), sixmember ring closures (si9 -> si11 or si10 -> si12), and two consecutive 1,2-H shifts (si11
-> si13 -> si15 For si12 -> si14 ->si15). Note that once si7 or si8 are produced, the
subsequent barriers on the reaction pathways are rather low (and much lower than those
in the reverse direction to si6) which indicates the reactions forming these intermediates
are irreversible and they ultimately lead the reaction flux to si15. Also, the si13 and si14
intermediates are found to be unstable or metastable; the transition states for their
isomerization to si15 can be found at the B3LYP level but their energies refined at the
CCSD(T)/CBS level are either very close or even lower than those of the intermediates
indicating that the rearrangement of si13 or si14 to si15 would be nearly spontaneous.
Finally, the toluene intermediates can decompose without exit barriers to benzyl
exoergic by 466 (467) kJ mol-1, o-, m-, or p-tolyl radicals exoergic by 373–375 kJ mol-1,
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and phenyl plus methyl exoergic by 420 (415) kJ mol-1. Table 2 shows product branching
ratios on the singlet surface, which were computed with several simplifying assumptions
in order to avoid a large number of time-consuming variational RRKM calculations
required for single-bond cleavage channels occurring without exit barriers. For si3 and
si4 we considered only the most favorable channels leading to sp3, sp5, and sp11, while
the other hydrogen and methyl loss channels were neglected. This means that the other
products among sp1–sp12 can be also formed in principle, but based on the unfavorable
energetics and the fact that all reaction steps leading to them exhibit no exit barriers and
thus proceed via loose variational transition states, we assume that their relative yields
should be insignificant as compared to those of sp3, sp5, and sp11. The second
assumption that dissociation of toluene si15 would predominantly produce the benzyl
radical rather than tolyl radicals or phenyl plus methyl is also justified by the much more
favorable energy of benzyl and a loose character of all corresponding variational
transition states. With these assumptions, we can now analyze the results in Table 7.2. If
the reaction starts from si1, the major products are predicted to be sp5 and sp3, which
are formed by the H and CH3 loss from si3. However, if the reaction begins from si2, the
dominant products would be sp11 and the yield of the benzyl radical would be also
significant. If si1 and si2 are formed in the entrance channel with equal probabilities, the
reaction would produce three major products, sp11 (45%), sp5 (30%), and sp3 (19%),
and two minor products, benzyl (5%) and CH3CHCCH + C3H3 (under 2%). The
dependence of the calculated branching ration on the collision energy is weak. Clearly,
the singlet reaction alone cannot explain the observations as it mostly produces acyclic
C7H7 isomers exoergic by 230–240 kJ mol1 and only 5% of benzyl exoergic by 467 kJ
mol-1, which cannot account for the long tail in the translational energy distribution
beyond 283 kJ mol-1. The triplet reaction is computed to form a mixture of
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cycloheptatrienyl, m-tolyl, and benzyl radicals exoergic by 411 ± 10, 383 ± 15, and 478 ±
10 kJ mol-1, respectively, which is generally consistent with the experimentally
determined reaction exoergicity of 412 ± 52 kJ mol-1. Moreover, the calculations predict
cycloheptatrienyl to be the major C7H7 product on the triplet PES and its exoergicity
shows the best match with the experimental value. 6
Experimental data were combined with ab initio and statistical calculations to reveal the
underlying reaction mechanism and chemical dynamics. On both the singlet and triplet
surfaces, the reactions involve indirect scattering dynamics and are initiated by the
barrier-less addition of dicarbon to the carbon–carbon double bond of the 1,3-pentadiene
molecule. These initial addition complexes rearrange via multiple isomerization steps
leading eventually through atomic hydrogen elimination to the formation of distinct C7H7
radical species. The experimentally derived reaction exoergicity of 412 ± 52 kJ mol-1is
consistent with the formation of several cyclic C7H7 isomers, including o-, m-, and p-tolyl
radicals, cycloheptatrienyl, and benzyl, but the calculations predict cycloheptatrienyl, mtolyl, and benzyl to be the major products on the triplet surface with the branching ratios
of 45:14:9. On the singlet surface, mostly acyclic C7H7 isomers, such as
CH2CHCHCHCCCH2 (sp11) and CH2CHCHCCCHCH2 (sp5), are anticipated to be
formed with much lower reaction exoergicities of 230–240 kJ mol-1. The calculations
predict a significant yield of C6H5 products via CH3 elimination both in the triplet (acyclic
CCCHCHCHCH2 (tp1) and phenyl radicals) and singlet (acyclic CH2CHCHCCCH (sp3))
reactions, but these products could not be identified in the experiment due to the
interference with the products of the C(3 P) + 1,3-pentadiene reaction, as the atomic
carbon is also present in the beam.
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Figure 8.1 Potential Energy Surface for the Reaction of Triplet Dicarbon with 1,3Pentadiene Calculated at the CCSD(T)/CBS(dt)/B3LYP/6-311G** + ZPE(B3LYP/^311G**) and CCSD(T)/CBS(dtq)/B3LYP/6-311G** + ZPE(B3LYP/6-311G**) Levels of
Theory. Energies in kJ mol-1
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Figure 8.2 Potential Energy Surface for the Reaction of Singlet Dicarbon with 1,3Pentadiene Calculated at the CCSD(T)/CBS(dt)/B3LYP/6-311G** + ZPE(B3LYP/^311G**) and CCSD(T)/CBS(dtq)/B3LYP/6-311G** + ZPE(B3LYP/6-311G**) Levels of
Theory. Energies in kJ mol-1
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Table 8.1 Branching Ratios on the Triplet Surface

Ecol, kJ mol1

from
ti1
16.28
0.10
0.01
0.00
1.57
33.08

0
from
ti2
0.07
0.00
0.07
0.00
0.47
9.97

from
av
ti1
8.17 22.73
0.05 0.13
0.04 0.01
0.00 0.00
1.02 1.49
21.52 29.67

10
from
ti2
0.11
0.00
0.09
0.01
0.49
9.65

from
av
ti1
11.42 33.90
0.07 0.18
0.05 0.01
0.00 0.00
0.99 1.33
19.66 24.32

25
from
ti2
0.19
0.00
0.13
0.02
0.50
9.15

from
av
ti1
17.04 47.09
0.09 0.24
0.07 0.02
0.01 0.00
0.92 1.11
16.73 18.48

43
from
ti2
0.31
0.00
0.19
0.04
0.52
8.61

from
av
ti1
23.70 51.72
0.12 0.26
0.10 0.02
0.02 0.01
0.81 1.03
13.54 16.51

50
from
ti2
0.37
0.00
0.21
0.06
0.52
8.38

Products
av
tp1 + CH3
26.04
ti5
0.13
ti6
0.11
tp3
0.03
o-tolyl
0.77
m-tolyl
12.45
cycloheptatrienyl
27.91 74.38 51.14 26.08 73.81 49.94 22.60 72.66 47.63 18.37 71.26 44.82 16.86 70.72 43.79
benzyl
4.07 9.92 6.99 4.13 10.72 7.42 4.14 12.26 8.20 3.91 14.04 8.97 3.79 14.75 9.27
phenyl +
CH3
16.99 5.12 11.05 15.76 5.13 10.44 13.52 5.09 9.31 10.78 5.03 7.91 9.80 4.98 7.39

191

Table 8.2 Branching Ratios on the Singlet Surface
Ecol, kJ
mol-1
Products
benzyl
sp5
sp3 + CH3
sp11
CH3CHCCH
+ C3H3

50
0
from from
si1
si2
1.91 9.51
62.26 0.01
35.49 0.01
0.00 88.80

10
from from
av
si1
si2
5.71 1.85 9.09
31.13 61.69 0.01
17.75 36.09 0.01
44.40 0.00 89.03

25
from from
av
si1
si2
5.47 1.75 8.49
30.85 60.89 0.01
18.05 36.92 0.01
44.52 0.00 89.35

43
from from
av
si1
si2
5.12 1.64 7.80
30.45 59.86 0.02
18.46 37.98 0.01
44.68 0.01 89.69

from from
av
si1
si2
4.72 1.60 7.54
29.94 59.37 0.02
18.99 38.48 0.01
44.85 0.01 89.82

av
4.57
29.69
19.24
44.91

0.34

1.00

1.12

1.29

1.50

1.58

1.67

0.38

1.86

0.44

2.14
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0.52

2.48

0.55

2.61

Chapter IX
A Free-Radical Pathway to Hydrogenated Phenanthrene in Molecular Clouds—Low
Temperature Growth of Polycyclic Aromatic Hydrocarbons
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Introduction:
The hydrogen-abstraction/acetylene-addition (HACA) mechanism1 has been
instrumental for rationalizing the synthesis of polycyclic aromatic hydrocarbons (PAHs)—
organic molecules carrying fused benzene rings—in high temperature combustion
systems2–3 and in circum stellar envelopes of carbon rich asymptotic giant branch (AGB)
stars.3–4 The ubiquity of PAHs along with their (de)hydrogenated, ionized, and sidechain-substituted counterparts in the interstellar medium (ISM)5–6 is surmised from the
unidentified infrared (UIR) emission bands(3 to 20 mm)7–8 and the UV-bump9–11—an
absorption feature super imposed on the interstellar extinction curve near 217.5 nm—
that correlate with laboratory spectra of aromatic hydrocarbons. Although individual
PAHs have not been detected in the ISM yet, the explicit identification of PAHs like
phenanthrene and anthracene (C14H10) in carbonaceous chondrites like Murchison and
Orgueil bearing anomalous13C/12C and D/H isotopic ratios12–15 strongly suggests an
interstellar origin with fashionable astrochemical reaction networks mainly loaned from
the combustion chemistry community. Here, under fuel rich conditions, acetylene (C2H2)
has been proposed to react with aromatic hydrocarbons undergoing ring formation and
expansion through a series of bimolecular reactions assembled in the HACA
mechanism. Kinetic modeling 16–19 along with electronic structure calculations 20–24
suggest recurring progressions of hydrogen atom abstractions from the aromatic
hydrocarbon followed by sequential addition of two acetylene molecules to the radical
sites prior to cyclization and aromatization. Recent studies exploiting tunable vacuum
ultraviolet (VUV) light exposed that the naphthalene molecule (C10H8) can be formed via
the reaction of the phenyl radical (C6H5C)with two acetylene molecules (C2H2)25 through
key transients in the HACA framework—styrenyl (C8H7C)and ortho-vinylphenyl
(C8H7C).26 HACA-type reactions involving naphthyl (C10H7) and of biphenylyl radicals
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(C6H5C6H4) with acetylene also produced the three-membered ring PAHs
acenaphthylene (C12H8)27 and phenanthrene (C14H10),28 respectively, under combustionrelevant conditions. High temperatures along with acetylene enrichment near the
photospheres of carbon-rich AGB stars underscore HACA’s applicability to describing
soot production in these outflows. Aromatic species [benzene (C6H6) or phenyl (C6H5)]
likely form within the envelope and undergo processing into polycyclic compounds via
HACA4 before exiting to the ISM as “free” PAHs, or condensed as carbonaceous grains
or fullerenes.4, 29–30 Carbonaceous grains comprising aromatic interiors31 could contribute
to the interstellar PAH budget through shattering facilitated by turbulence or supernovainduced shockwaves that release aromatic content to the ISM.32–33 However, in recent
years, astronomical models combined with observations revealed that the destruction of
interstellar PAHs and carbonaceous grains by, for example, high velocity shockwaves,
limit their lifetime to a few 108 years.34–35 This time span is much shorter than the PAH
injection time from stellar sources, including C-rich AGB stars such as CW Leo (IRC +
10216), of some 109 years, and thus the ubiquitous distribution of PAH-like species in
the interstellar medium coupled with the less-than-expected production of PAHs in
circumstellar envelopes suggests that crucial routes for the fast chemical growth of
PAHs are missing. These routes may involve low temperature interstellar environments
such as cold molecular clouds that hold temperatures down to 10 K.
Methods:
Geometries of the reactants, products and various intermediates and transition states on
the C14H13 potential energy surface were optimized at the hybrid density functional
B3LYP level of theory4-5 with the 6-311G** basis set. The same B3LYP/6-311G**
method was employed to calculate vibrational frequencies, which were then used to
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compute zero-point energy (ZPE) corrections, to characterize the stationary points as
minima or first-order saddle points, and to evaluate rate constants for unimolecular
reaction steps. Single-point energies were refined using the G3(MP2,CC)//B3LYP
modification6-7 of the original Gaussian 3 (G3) scheme,8 which provides accuracy for
relative energies within 10 kJ mol-1. The ab initio and DFT calculations were carried out
using the GAUSSIAN 09 and MOLPRO 2010 program packages. Relative reaction
product yields under single-collision conditions were computed using Rice−
Ramsperger−Kassel−Marcus (RRKM) theory.11-13 The rate constants were calculated as
functions of available internal energy, where the internal energy was taken as a sum of
the energy of chemical activation in the reaction of 1-naphthyl with 1,3-butadiene and the
collision energy, assuming that a dominant fraction of the latter is converted to internal
vibrational energy. Only a single total-energy level was considered throughout, as for
single-collision conditions (zero pressure limit).14 The harmonic approximation was
employed to compute numbers and densities of state required for evaluating the rate
constants. Using the calculated rate constants, product branching ratios were computed
by solving first-order kinetic equations within the steady-state approximation for
unimolecular isomerization and fragmentation steps of initial reaction intermediates
formed as a result of the addition of 1-naphthyl to 1,3-butadiene.
Results and Discussion:
The computational data together with the experimental results in crossed molecular
beams allowed us to untangle the underlying reaction mechanism(s) and to evaluate to
what extent reaction of 1-naphthyl with 1,3-butadiene can lead to the formation of a
tricyclic PAH (Figure 8.1). The computations at the G3(MP2,CC)//B3LYP/6-311G** level
of theory reveal five exit channels leading to distinct C14H12 isomers, p1 to p5,with overall
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exoergicities ranging from 16 to 106 kJ mol-1. A comparison of these data with the
experimental reaction energy of -104+25 kJ mol-1 reveals that the formation of the
thermodynamically most favorable isomer p3 (1,4-dihydrophenanthrene) can account for
the experimentally derived reaction energy; based on the energetics alone, we cannot
eliminate contributions of the thermodynamically less favorable isomers. The electronic
structure calculations exposed a barrier less pathway to 1,4-di-hydrophenanthrene
initiated by the formation of a van-der-Waals complex i0 from the separated reactants.
This complex is weakly bound by 8 kJmol-1and isomerizes via a barrier of only 3 kJmol-1
through addition of the radical center of the 1-naphthyl radical to the C1-carbon of 1,3butadiene forming a resonantly stabilized intermediate i1.After a facile cis-trans
isomerization from i1 to i2,cyclization leads to intermediate i3 ,which is boundby193 kJ
mol-1 with respect to 1-naphthyl plus 1,3-butadiene. A hydrogen elimination from the
bridging carbon atom leads to aromatization and formation of p3 (1,4dihydrophenanthrene) through a tight exit transition state that lies 25 kJ mol-1 above the
separated products. This order of magnitude is in line with the experimental observation
of an exit barrier close to 14+4 kJmol-1 with the hydrogen atom eliminated almost
perpendicularly to the plane of the decomposing complex. It is important to recall that in
the reaction of 1-naphthyl with 1,3-butadiene-d6, only the hydrogen atom loss was
observed. In conclusion, our study reveals the first low temperature pathway accounting
for the barrier less formation of a tricyclic (polycyclic) aromatic hydrocarbon—1,4dihydrophenanthrene(C14H12)—via the elementary bimolecular gas phase reaction of the
1-naphthyl radical(C10H7) with 1,3-butadiene (C4H6). The reaction proceeds by a de-facto
barrier less addition of the naphthyl radical with its radical center to the H2C moiety of the
1,3-butadiene reactant—facilitated by a weakly bound van der Waals complex—followed
by isomerization and atomic hydrogen loss accompanied by aromatization to form 1,4-
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dihydrophenanthrene. Statistical (RRKM) calculations confirm that the pathway leading
to1,4-dihydrophenanthrene plus atomic hydrogen accounts for 100 % of all products in
the limit of zero collision energy as closely present in cold molecular clouds such as
TMC-1. This combination of experimental, ab initio, and statistical methodologies reveals
a novel reaction mechanism of aryl-type radical additions to conjugated hydrocarbon
systems like 1,3-butadiene and vinylacetylene (C4H4), and changes how we think about
molecular growth processes to PAHs in the cold regions of space.
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Figure 9.1 Potential Energy Surface for 1-Naphthyl Plus 1,3-Butadiene
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Chapter X
Conclusions
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The pyrolysis mechanism for various chemical species as well theoretical rate
coefficients were calculated and compared to experimental data. It is known that the
predominant reaction product in pyrolysis of alkanes is ethylene and our calculations
allowed us to rationalize this observation. The dominating temperature-dependent
decomposition pathways for n-decane are as follows. Initially n-decane decomposes via
carbon-carbon bond cleavage, excluding the terminal carbon bonds, to form a mixture of
primary alkyl radicals ranging from ethyl to octyl. Under these combustion conditions
these alkyl radicals rapidly dissociate through beta scissions or by 1,4-, 1,5-, 1,6- or 1,7H shifts followed by beta scissions. If beta scission is the first reaction to occur an
ethylene molecule is formed along with a primary alkyl two carbon units shorter. Through
the second process of a H shift followed by a beta scission molecules of carbon length
ranging from propene to 1-heptene and smaller primary alkyl radicals are formed. This
explains the experimental presence of species that previously models could not explain.
A complete inventory of radicals formed in the initial stage of decomposition was
compiled here for the first time. For the larger system n-dodecane the results are similar
but more complex. Initially carbon-carbon bond cleavages form a mixture of primary
radicals in size from ethyl to decyl. These rapidly dissociate via beta scissions or by 1,4, 1,5-, 1,6-,1,7-, 1,8-, or 1,9-H shifts followed by beta scissions. This explains the
presence of 1-butene, 1-pentene, 1-hexene, and 1-heptene. Compared to n-decane
there is a higher yield of ethyl radical here most likely due to the larger amount of
primary alkyl radicals formed in the primary decomposition. In both these studies the
major chemical mechanism for large n-alkane molecule pyrolysis, which are the major
fuel components of JP-8, was clearly formulated.
Primary decomposition of n-butylbenzene produces mostly benzyl radical C7H7 +
C3H7 and C8H9 (C6H5C2H4) + C2H5 with relative yields varying with temperature and
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pressure and a minor amount of 1-phenyl-prop-3-yl + CH3. Secondary reactions form
ethylene and small radicals ranging from methyl to propyl with minor amounts styrene
and benzyl radicals formed as well. This is in agreement with experimental results using
vacuum UV photoionization mass spectroscopy which indicated the presence of styrene,
benzyl, and ethylene to be formed with highest mole fractions, along with ethylbenzene,
toluene, methane, and ethane, whereas the yield of CH3 was relatively low. Initial
decomposition of s-butylbenzene is expected to form C8H9 (C6H5CHCH3) + C2H5 and a
minor amount of C9H11 (1-phenyl-prop-1-yl) + CH3. The major difference between nbutylbenzene and s-butylbenzene pyrolysis is the lack of benzyl formation due to the
molecular structure of s-butylbenzene. In both structures the dominate decomposition
pathway involves the benzylic carbon-carbon bonds. t-butylbenzene produces 2-phenylprop-2-yl + CH3 upon decomposition nearly exclusively as it contains three equivalent
benzylic carbon-carbon bonds. Overall the kinetics of combustion in this system is
affected by the variation in fragments present. Pressure and temperature-dependent rate
coefficients calculated here can be used in further kinetic modeling for pyrolysis of
butylbenzenes.
Major, minor and trace decomposition products of JP-10 were also elucidated.
Species present at long residence times include molecular hydrogen, ethylene, propene,
cyclopentadiene, cyclopentane, fulvene, and benzene. For short residence times many
radicals are formed that scavenge ethylene and propene to mainly form ethyl, allyl, and
methyl. This points to the time of availability of oxygen drastically affecting the oxidation
mechanism. Longer residence times would provide the overall product yields of oxygenbearing products but to derive the underlying pathways of oxidation individual
hydrocarbon radicals formed in the decomposition process need to be investigated.
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Low temperature growth mechanisms of PAHs were also investigated. Involving
growth of PAHs leading to the formation of a single ring the barrier-less addition of
dicarbon to 1,3-pentadiene was shown to occur via multiple isomerization steps
eventually leading to the formation of distinct C7H7 radical species via atomic hydrogen
elimination. The energetics calculated were consistent with the formation of C7H7
isomers such as o-, m-, and p-tolyl radicals, cycloheptatrienyl, and benzyl. Calculations
predict phenyl products through methyl elimination however this could not be confirmed
experimentally due to interference with the molecular beam. The first low temperature
pathway to a tricyclic aromatic hydrocarbon was deduced as well. The barrier-less
formation of 1,4-dihyrophenanthrene via the elementary bimolecular gas phase reaction
of the 1-naphthyl radical with 1,3-butadiene was shown to be energetically feasible. This
reaction occurs by addition of the naphthyl radical to 1,3-butadiene which is facilitated by
a van der Waals complex. This complex isomerizes and loses atomic hydrogen leading
to aromatization form the dihydrophenanthrene. This novel reaction mechanism shows
that molecular growth processes of PAHs are not limited to high temperature situations
as was previously thought. Thus, the combustion of hydrocarbons has been thoroughly
studied and major progress towards understanding of the fundamental mechanism has
been achieved.
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